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A b strac t
A  detailed investigation is presented of the physical environment associated with high- 
mass star formation. This is carried out by means of an in-depth multi-wavelength 
study of one such region in W75N. An analysis is made of the nature of the major em­
bedded luminosity sources and the cloud core from which they have recently formed, 
from the hot dust very close to each object to the cold dust and molecular gas sur­
rounding them. The dynamical relationship between the large molecular outflow and 
the ambient cloud is studied with regard to limitations that might be placed on plausi­
ble flow generation mechanisms. The details of the reflection nebulae associated with 
the mass outflows are interpreted in terms of the scattering properties of dust.
A  recently-formed stellar cluster has been found, associated with the known signs 
of higli-mass star formation in W75N (compact HII regions, OH and H 2O masers, 
CO outflow etc.). The main heating source and origin of the molecular outflow is 
identified and found to be very deeply embedded (Av > 90 mag). Imaging near- 
infrared polarimetry, millimetre-wave molecular line spectroscopy and submillimetre 
continuum observations at scales of 0.01 to 0.2 pc have shown no disk or torus structure 
in the dense obscuring material around this source. However, circumstantial evidence 
exists in the near-infrared colours for significant amounts of dusty material close to 
the major luminosity sources. Therefore very small-scale (few X100 A.U.) disk-like 
formations may exist and play an important dynamical role.
The large molecular outflow in W75N is found to be unable to overcome the 
gravitational binding force of the large surrounding core unless the flow is initially 
highly collimated. The lobes of high-velocity gas possess a large degree of collimation, 
probably induced through confinement by the ambient material, but the outflow as 
a whole is irregular and possibly multipolar and appears to be intrinsically largely 
isotropic. The flow lobes are not wind-blown bubbles but are filled with high velocity 
molecular material. The driving mechanism is most likely to be a massive, semi- 
isotropic stellar wind but there could still be a cylindrically symmetrical, rotation- 
driven mechanism acting close to the star.
Of the two reflection nebulae in the region the largest and brightest is associ­
ated with the blue-shifted molecular outflow lobe. Features in the nebula, similar to 
those in other such objects, are consistent with scattering from large grains which pro-
duce diffraction-affected and strongly forward-biased scattering patterns. It is shown 
that large grains should dominate the scattering in the near-infrared, regardless of the 
detailed grain size distribution. The ubiquitous suppression of backward-directed re­
flection lobes in bipolar sources may be caused by forward scattering and not by large 
obscuring disks. A  smaller reflection nebula surrounds the less luminous source IRS-2, 
indicating a limited-scale outflow from this object also. Hydrogen recombination line 
ratios in IRS-2 are consistent with current models of massive, partly-ionised stellar 
winds.
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Introduction
The main concerns of this thesis are to probe the physical conditions in the molecular 
cloud environment in which liigh-mass stars have recently formed. Of especial interest 
are the mutual interactions between the embedded young stars and their parent cloud 
and what conclusions might be drawn from these concerning the condition of the stars 
themselves.
There are two basic ways in which such an investigation can be tackled. The 
first is to observe a representative group of sources, compare the results and see in 
what ways they are similar and in what ways they differ. Thus it may be possible to 
find common properties that are intrinsic to the star formation process and properties 
that are dependent upon variables such as mass and environmental conditions (e.g. 
Linke & Goldsmith 1980, Bally & Lada 1983). The second method is to make a 
detailed study of a single object and produce a comprehensive picture of the prevailing 
physical conditions (e.g. Garden 1986). Information gained by this process can be used 
to update or amend general theories, meant to apply to all sources, developed from 
the first technique. Thus in fact the two methods are complementary and require each 
other to be effective. The bulk of this thesis is a study of the second kind, involving a 
detailed multi-wavelength investigation of W75N.
The majority of observational work on star formation has naturally concentrated 
on low-mass stars, since these have a relatively long evolutionary timescale and emerge 
from their obscuring layers of placental material still in a primitive state far from the 
Main Sequence. High-mass stars, on the other hand, develop very rapidly (see below) 
and reach the Main Sequence while still heavily enshrouded by the parent cloud core. 
Consequently, high-mass young stellar objects (YSOs) are difficult to observe directly 
and intrinsic properties such as surface temperature and surface activity are almost
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impossible to measure. The only intrinsic parameter that may be easily observed is the 
luminosity, since the extinguishing dust efficiently converts optical and U V  photons 
into far-infrared and submillimetre radiation, which then readily escape from the cloud. 
It is into this waveband that the majority of the luminosity of deeply embedded sources 
is emitted (e.g. Evans 1981).
The study of the actual formation of stars has been limited by the failure of 
observers to find a single unambiguous example of a true protostar, which (as defined 
by Wynn-Williams 1982) is still in the process of accumulating its eventual total mass 
and whose only heat source is the accreting material. The reason for this is probably 
an unfortunate combination of the intrinsic faintness of low-luminosity objects, which 
should be both relatively plentiful and long-lived, with the rare and short-lived nature 
of the more luminous high-mass protostar. Consequently, the observational study of 
star formation is often the study of the early stages of stellar evolution, carried out 
in the hope that knowledge of the conditions in and around YSOs will constrain the 
possible paths of protostellar development. Other experimental workers approach the 
problem from the opposite side and attempt to follow the development of the molecular 
cloud cores in which stars form.
It is worth noting here that the term ‘protostar’ tends to be used to describe many 
different stages in the life of a young star. This classification can be applied to anything 
from cold, pre-collapse condensations within cloud cores, through the accreting, pre- 
nuclear burning objects which are heated by mass infall, to any star which is sufficiently 
obscured to be only detectable at infrared wavelengths. Throughout this introduction, 
‘protostar’ will apply only to objects which have yet to begin nuclear fusion but which 
may be internal heated by accretion.
The study of early stellar evolution has progressed rapidly in the last decade, with 
the development of new millimetre-wave and infrared instrumentation and the build­
ing of the large new millimetre telescopes. The success of the Infrared Astronomical 
Satellite (IRAS) mission also played a major part by producing a (virtually) all-sky 
survey in the mid- and far-infrared. Since it is in these wavebands that cool sources 
and deeply embedded stars emit most of their energy, it was at last possible with IRAS 
to look for young objects using their own characteristic emission rather than through, 
for example, radio continuum surveys which might be biased toward the more evolved 
sources.
The understanding of the nature of YSOs was at first shaken and then considerably
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advanced by the unexpected discovery (Zuckerman et al. 1976, Kwan &  Scoville 1976) 
of major mass outflows, the subsequent evidence that many such outflows were highly 
anisotropic (e.g. Snell, Plambeck & Loren 1980) and the realisation that vigorous mass 
loss is a developmental process common to all young stars.
Many basic questions still remain to be answered which are vital to our complete 
understanding of the star formation process. For example: What is the mechanism that 
generates the outflows and at what stage in the star-formation process is it triggered? 
What causes the bipolarity of most flows? What is the effect of the energetic flows 
on the ambient medium? Is star formation stopped or is it triggered elsewhere in the 
cloud? What stops the outflow eventually? Do flows halt the accretion process or 
are infall and outflow contemporary phenomena and if so, are they causally linked? 
What part do disks play in producing or collimating the flows? What causes the mass 
distribution observed, i.e. what decides the final mass of a star?
In the rest of this introduction current ideas are reviewed on the process of star for­
mation and the associated phenomena, some of which attempt to answer the questions 
above. The generation and collimation of outflows is also discussed, their relationship 
to dense disk structures and the possible role of outflows in regulating stellar mass 
and in shedding angular momentum in the contracting cloud cores. Also discussed 
is one other aspect of the natural history of young stars, infrared reflection nebulae. 
A number of excellent reviews are available in the literature which explore aspects of 
these subjects in more detail (e.g. Wynn-Williams 1982; Lada 1985; Shu, Adams &: 
Lizano 1987; Protostars and Planets II ed. D.C. Black & M.S. Matthews, Tuscon: 
Univ. Ariz. Press, 1985.)
1.1 C urrent Id eas o f  S tar F orm ation
1 .1 .1  C lo u d s  an d  C lo u d  C ores
Most of the molecular gas in the Galaxy is contained in Giant Molecular Clouds 
(GMCs) with masses between 105 and 106 M 0 and sizes of a few x 10 pc (Solomon et 
al. 1979) and GMCs are the principal sites of of active star formation. These GMCs 
have an internal hierarchical structure, being made up of loose aggregates of smaller 
molecular clouds of mass ~ 103 - 104 M 0, size ~ 2 - 5 pc and density 10s - 109 m -3. 
These smaller clouds are gravitationally bound within the GMC, moving with relative 
velocities of several kms-1, about equal to the virial speed of the complexes (Cassen,
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Shu & Terebey 1985). In turn, these constituent molecular clouds contain small denser 
subregions or cloud cores (Myers & Benson 1983). The apparent sizes and densities 
of the cores depend on the molecule and the transition used to observe them (Myers, 
1985) but, those measured in N H 3 have M  ~ 1 Mg, n > 1010 m -3, R  < 0.1 pc and 
T ~ 10 K and almost thermal linewidths. The cores appear to be embedded in massive 
envelopes of a few X 100 M 0 (Perault et al. 1985). It is these clumps in which star 
formation occurs. GMCs appear to form by the aggregation of small units, through 
collisions or by gravitational instabilities in the Galactic disk (Elmegreen 1989), the 
latter theory explaining the appearance of self-gravitating clouds on all scales from 103 
to 10' M 0.
The clumps within GMCs appear to be supported by turbulence and magnetic 
fields since their Jeans masses are only a few M 0, much less than the masses of the 
clumps. If they were not so supported, the clumps would all tend to collapse and 
the star formation rate would be much higher than observed (Zuckerman & Palmer 
1974). In addition, there is evidence that magnetic fields play a critical part in cloud 
support, since turbulent energy should be dissipated quickly and since ordered fields 
(and hence little distorting turbulence) are indicated by polarisation studies of dark 
clouds (see the discussions by Shu, Adams & Liza.no 1987 and Cassen et al. 1985). 
Magnetic support can occur both perpendicular to the field direction and parallel to 
it, by means of propogating Alfven waves. Magnetic fields also explain the generally 
low rotation rates (12 ~ 1 kms-1 pc-1) in molecular clouds and in small ammonia- 
traced cores in such regions as Taurus (Shu, Adams & Lizano and references therein) 
by rotational coupling of the dense cores to the surrounding cloud by magnetic braking.
1 .1 .2  F r o m  C lo u d  C o r e s  t o  P r o t o s t a r s
Current theories on the formation of protostars from self-gravitating gas clumps pre­
dict that the process bimodally separates into low-mass and high-mass star-formation, 
determined by the mass of the clump and the strength of the internal magnetic field.
Since the ionisation fraction inside a molecular cloud is thought to be low (~ 10-7  
at densities of ~ 1010 m -3 - see Shu, Adams & Lizano 1987), magnetic fields and 
the associated charged particles can drift relative to the neutral molecules in the gas 
(Mestel & Spitzer 1956). The neutral particles are only supported against gravity by 
the frictional drag of the ions trapped in the magnetic field. This drift is known as 
ambipolar diffusion and dominates the initial gravitational contraction of a cloud core
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when the cloud mass is below the critical value (Merit) that can be supported by the 
combination of magnetic field and turbulent pressure. In this situation the field tends 
to decay towards the background level and the cloud core condenses quasi-statically, 
producing a small, dense, isothermal core within an extended envelope (Cassen, Shu 
& Terebey 1985). The extended envelope may be flattened if support along the field 
lines is significantly less than in the lateral direction. If the mass of the contracting 
cloud is significantly less than its Jeans mass, it shoidd fragment (also quasi-statically) 
into many individual cores.
After a time of 106 - 107 yr, depending on the amount of internal turbulence 
(Lizano & Shu 1989), the core becomes sufficiently centrally-condensed that gravita­
tional collapse must occur. The collapse begins at the centre and propogates outward at 
the sound speed and an accreting protostar is formed. The time scale for the runaway 
collapse phase is much shorter (~ 105 yr) than that for the contraction phase. This 
collapse appears to have occurred within at least half of the cores in Taurus (Beich- 
man et al. 1986). If the core has significant rotation, a centrifugally-supported nebular 
disk will form in addition to the protostar, the disk having radial density distribution 
p <x r0-5 (Adams & Shu 1986). The star-forming efficiency (MSTARS/(MSTARS+ M GAS)) 
within a molecular cloud is also affected by the bimodal formation process. The long 
timescale of the contraction phase for low-mass core formation creates a very low ef­
ficiency (e.g. ~ 2% in the Taurus-Auriga dark cloud complex, Wilking &  Lada 1985 
and references therein). The gravitational collapse of the cores, having a very short 
timescale, will then not be synchronised throughout the cloud and individual new 
stars will have time to ignite, turn on energetic winds and disrupt nearby potential 
star-forming cores.
If the initial cloud mass is greater than M cr¡t, then self-gravity overwhelms the 
magnetic and turbulent support (even without weakening of the field through am- 
bipolar diffusion) and collapse occurs straight away, taking the magnetic field with 
the matter. If there any flow of material along the field lines, the cloud will flatten 
and produce internal regions with super-critical mass-to-flux ratios which can collapse 
independently. Thus we might expect massive clouds to fragment and form close-knit 
groups of star-forming cores (Shu, Adams & Lizano 1987) on a short, well-synchronised 
timescale leading to efficient star formation (as found, for example, in p Opli. (~ 25%) 
and N G C  7023 (30-50%), Wilking & Lada 1985). The super-critical mass situation 
may arise in agglomerated GMCs which would then efficiently produce stars. If the
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cores are heated during the process then the Jeans mass increases and higher mass 
stars may be formed.
The gravitational collapse of a core proceeds isothermally while it is still optically 
thin. The increase in density at the centre is stopped only when an optically thick 
protostar is formed (with mass 1CT3 - 1CT2 M 0). This protostar then continues to 
grow hydrostatically (after the dissociation of H 2) by accreting gas and dust from 
the still-infalling cloud. Internal changes in the protostar take place on the time scale 
GMl/R*L* (the Kelvin-Helmholtz time TK_H) which is the time taken to reach thermal 
equilibrium. However, the infall rate is not dependent on the central mass (Shu, Adams 
& Lizano 1987). Therefore for massive protostars, TK_U will be less than the infall time 
scale and the star will reach the Main Sequence while still gaining mass. In a low- 
mass protostar, TK_H is large and accretion may have finished well before the star 
reaches the Main Sequence. It is for this reason that low-mass stars emerge from their 
parent clouds still in a primitive state, while their higli-mass cousins may spend a large 
fraction (if not all) of their Main Sequence life deeply obscured. During the early life 
of a low-mass protostar, the luminosity from the accretion shock between the infalling 
material and the protostar (L = G M M / R ,) may dominate the internal luminosity of 
the source. However, this luminosity may be significantly reduced from the spherical 
infall value if the gravitational energy is stored as rotational energy in a disk.
1 .1 .3  E n d  o f  A c c r e t io n  a n d  B e g in n in g  o f  O u t f lo w
One of the fundamental problems on theoretical studies of star formation has been to 
determine the process that selects the final mass of the new star by halting accretion. 
This problem is also central to the question of outflow generation, since it is likely 
that the same mechanism is responsible. Lizano &: Shu (1989) have concluded, from 
a detailed three-dimensional model, that the initial conditions do not determine the 
final mass.
When the central temperature of the protostar reaches approximately 1 X  106 K, 
deuterium-burning fusion processes begin. In the model of Stahler et al. (1980), with 
an infall rate of 10~ 5 M 0 yr_1, deuterium ignition occurs when the protostellar mass 
is about 0.3 M 0 and a convection zone is formed in the new star which spreads to 
occupy most of the stellar volume by the time the mass reaches 0.5 M 0 . As described 
by Cassen, Shu & Terebey (1985) and Shu, Adams Sz Lizano (1987), convection may 
combine with differential rotation in the star to produce a dynamo action generating
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magnetic activity. This magnetic activity can then release stored rotational energy, 
converting it into intense surface activity. There is much observational evidence of 
violent surface activity in intermediate- and low-mass pre-Main Sequence stars, such 
as P-Cygni emission-line profiles, reversed P-Cygni profiles, significant irregular vari­
ability and possible large starspots (see Rydgren & Cohen 1985). Surface phenomena 
may generate massive mechanically-driven stellar winds which are then responsible for 
terminating the infall and for powering the large-scale molecular outflows.
Radiation pressure might be able to halt spherically symmetric infall, where 
X»/M* > 7 0 0 ( L q / M q )  (Shu, Adams &  Lizano 1987), but this is true for all Main 
Sequence stars larger than about 7 M 0 and therefore cannot be occurring. It is more 
likely, then, that infall is generally highly non-spherical and that accretion proceeds via 
disks which block most of the stellar radiation. However, infall is most likely to be ter­
minated by stellar winds not photons since the molecular outflow momenta measured 
are always factors of 3-5 larger than carried by all photons emitted by the central star 
(Lada 1985).
There is empirical evidence that the cloud cores associated with low-mass star 
formation have rather low temperatures (~ 10 Iv, Myers &  Benson 1983), while those 
near OB stars are significantly warmer (see Wynn-Williams 1982). If the temperature 
differences precede the initial formation of stars in the host cloud, the mass infall rates 
in the warmer clouds will have been higher, since M  oc a3 where a oc y/T is the thermal 
sound speed (Cassen, Shu & Terebey 1985). The rate of mass accumulation affects 
the timing of deuterium ignition in the protostar, since a higher infall rate gives the 
newly-accreted material less time to radiate its energy. The outer layers will thus 
be hotter and more expanded and the ratio R*/M* will be higher. Since the central 
temperature in the star is inversely proportional to R./M*, a higher mass is reached 
before deuterium starts to burn. If the protostellar mass reaches about 2 Mq before 
deuterium burning is started, a large convection zone will not form, since the larger 
envelope will be able to transmit the extra luminosity radiatively and remain stable 
(Cassen, Shu & Terebey 1985). In this case it is not clear what mechanism can be 
invoked to terminate the mass accumulation in the largest stars.
Significant heating of the cloud core gas in regions of high column density can 
occur during the ambipolar diffusion process (Lizano & Shu 1987). This may explain 
why the gas appears to be hotter than the surrounding dust in the p Oplriuchus cloud 
(Loren, Sandqvist Sz Wootten 1983, Wilking & Lada 1983) where the cores have A v ~
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100 mag. It also fits well with the lower gas temperatures of the star-forming region 
in Taurus (10 - 11 K) which contains no stars more massive than 2 M 0, where cores 
have Av ~ 10 mag and ambipolar diffusion would add little extra heating over that 
produced by cosmic rays.
1.2 T he Outflow Phenom enon
Since the discovery of molecular molecular material moving at high velocities in the 
Orion-KL region (Zuckerman et al. 1976), it has become apparent that the systematic 
outflow of energetic (1036 - 104° J) molecular gas is a characteristic phenomenon of 
the early stages of stellar development and a fundamental part of the star-forming 
process (see the reviews by Lada 1985, Snell 1985). High spatial resolution studies 
of the large-scale (0.1-1 pc) molecular outflows have shown that most are highly 
anisotropic or bipolar, often with very large degrees of collimation (first noted by 
Snell, Loren & Plambeck 1980). Molecular outflows occur in all YSOs of all masses 
and appear to be closely related to other energetic phenomena, such as the extremely 
narrow optical jets that originate very close to low-mass YSOs (e.g. Mundt & Fried 
1983, Reipurth et al. 1986). Other associated phenomena are: the Herbig-Ha.ro objects 
which are closely associated with optical jets (see the review by Schwartz 1983 and 
Mundt 1985) and trace the energetic shocks produced when the outflow or jet strikes 
the ambient medium, H 2O masers, which often have high velocities relative to the 
exciting source (Lada 1985), and bipolar or cometary infrared and optical reflection 
nebulae (see below).
1.2.1 Outflow Generation
From a determination of the energetics of a sample of molecular outflow sources, Bally 
& Lada (1983) concluded that the momenta contained in the high-velocity gas was too 
large in all cases to be powered by a radiation-driven wind. The only way radiation 
pressure could drive the outflows would be if photons were scattered 100 - 1000 times 
before escaping from the cloud, but this is unlikely, especially since a number of known 
outflow sources (e.g. T Tauri) are visible objects. Bally Sz Lada did, however, find 
that the total luminosity of the central embedded objects was roughly correlated with, 
but always greater than, the outflow mechanical luminosity. Hence the central stars 
possess sufficient energy to power the flows. It is also likely that the physics of the
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driving mechanism is the same in all cases and that the flows are steady and not 
explosive events (Lada 1985).
The most plausible explanation for the production of large-scale molecular out­
flows is that they are momentum-driven by energetic stellar winds from YSOs. Ev­
idence for such winds, especially in less obscured low-mass YSOs, is extensive. For 
example, blue-shifted absorption features in broad optical Ha lines from T Tauri stars 
(or P-Cygni profiles) indicate mass outflow and steady wind activity. Velocity-resolved 
spectroscopy of hydrogen recombination lines (e.g. Simon et al. 1981, Persson et al. 
1984). The large masses and low velocities (with respect to the stellar winds) of the 
molecular outflows is consistent with their being material swept up by winds. Further, 
theoretical modelling of the intense recombination lines and optically thick line ratios 
from low- and intermediate-mass objects (e.g. Simon et al. 1983, Natta, et al. 1988) 
predict massive, mass-losing winds (with M  ~  10-8 — 10-6 Mq yr-1) which may 
contain a large neutral mass component which is not directly detected.
It has been thought (see Lada 1985 and references therein) that much of the 
material constituting molecular outflows is confined to a thin swept-up shell around 
a cavity evacuated by the stellar wind and that flows may be energy-driven by an 
expanding bubble of hot, diffuse gas occupying the cavity. This interpretation was 
supported by high spatial resolution observations of CO in L1551 (Kaifu 1985) showing 
an apparent cavity inside a shell-like flow. However, more recent observations in 13CO 
suggest that there is a considerable amount of molecular material in the interior of the 
L1551 flow (C.V.M. Fridlund, personal communication, see also Chapter 3).
The main rival mechanisms are centrifugally-driven (Pudritz &  Norman 1983,
1986) or magneto-hydrodynamically-driven flows (Uchida & Shibata 1985) which draw 
energy from large (~ 0.1 pc) disk structures around the central stars. These models are 
very attractive in that they simultaneously provide a rea.dy-collimated outflow while 
providing a means for the protostar-disk system to shed large amounts of angular 
momentum. However, as pointed out by Shu, Adams &  Lizano (1987), there are 
mechanical problems in these large-disk models in that the disks have very low specific 
energy and need to be very massive (> 100 M 0) to drive the flows. Furthermore, 
the models predict very high accretion rates from the disk to the protostar due to the 
reaction by the magnetic field on the disk material. On the grounds of specific energy 
the model of Draine (1983), which has a spinning protostar (with ~ 106 times more 
energy per kg) as the engine for a magneto-hydrodynamic flow, is preferable.
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It is not clear, on observational grounds, whether large coherent disk structures, 
of the type needed for the above models, exist in fact. Claims to have detected such 
structures in molecular line data (e.g. L1551: Kaifu et al. 1984; S106: Bieging 1984) 
have been subsequently challenged (Batlra & Menten 1985, Moriarty-Schieven et al. 
1987, Barsony et al. 1989). It is clear that flattened structures can be left over from 
the initial gas distribution in the star forming cloud, or from contraction along ordered 
field lines (Lizano & Shu 1989). Such flattened clouds may be laterally supported by 
magnetic tension or may be relics of the tendency for bipolar flows to remove large 
amounts of material in the polar regions and leave equatorial gas largely untouched. 
Before claiming to have found a disk of any size it is important to establish rotational 
support with velocities v ~ y/GMjr greater than the internal sound speed in the disk. 
The existence of small disks (~ 100 A.U.) around stars has much support, however. 
The emergent spectra from low-mass and intermediate-mass YSOs appear to fit well 
with those predicted for star-disk systems, often with significant accretion-generated 
luminosity (Adams, Lada & Shu 1987). Direct observations have also seemed to confirm 
the existence of such disks, with masses up to ~ 0.3 M 0 (e.g. Beckwith et al. 1984, 
Grasdalen et al. 1984, Moneti et al. 1987).
1.2.2 Outflow Collimation
There are two possible reasons for the high level of collimation observed in molec­
ular outflows. Either the generating wind is itself highly collimated, intrinsically or 
by physical interactions very close to the star, or the wind/flow is initially isotropic 
or semi-isotropic and is channelled into elongated lobes by the density distribution in 
the ambient cloud. The latter process has been proposed and modelled by, for exam­
ple, Canto et al. (1981), Konigl (1982) and Torrelles et al. (1983) The dominance of 
external influences is supported by the large range in collimation factors observed in 
outflows (Lada 1985), suggesting variations in physical structure from cloud to cloud. 
In addition, observations of emission lines from T Tauri winds indicate that the winds 
are probably isotropic and not initially directed (Mundt, Stocke &  Stockman 1983). 
It has also been noted that molecular outflow lobes, despite being highly collimated, 
are rather thick near the origin which implies a large initial opening angle for the flow 
close to the source (Snell et al. 1984, see also Chapter 3).
Alternatively, the observations of narrow optical jets from YSOs trace highly 
collimated outflows very close (~ 100 A.U.) to the stellar surface (see Lada 1985
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and references therein). It seems, therefore, that two collimation processes may be 
occurring with very different scale sizes. Very close to a young star, non-spherically 
symmetric circumstellar matter (i.e. a small, thick disk) may create a narrow jet from 
an intrinsically spherical wind by confining it everywhere except at the rotational poles. 
The subsequent development may then be either spatial (as outlined by Lada 1985) or 
temporal (as proposed by Shu, Adams & Lizano 1987). In the former scenario, a jet 
may expand nearly freely after leaving the influence of the circumstellar disk, possible 
with a large opening angle if it has picked up ambient gas and slowed significantly. 
Subsequent encounters with denser parts of the cloud core may then produce pressure 
re-confinement and collimation on interstellar scales (> 0.1 pc), where the flow has 
a large cross-section. If the flow development occurs in time, the jet may begin very 
highly collimated as it breaks out of the central core material (at the rotational poles 
or at any weak point). The dense matter would then be gradually eaten away, leaving 
only equatorial gas and dust, as the flow widens and becomes nearly isotropic. It may 
be reconfined by continuing infall in the off-axis direction or more simply propogate 
faster at the flow ‘head’ where interaction with the cloud is less oblique and ram 
pressure is greater (Konigl 1982)
1.2.3 Effect of Outflows on the Ambient Cloud
As has been mentioned above, the appearance energetic outflows in regions of recent 
star formation is likely to have some significant effect on the star-forming efficiency 
within the cloud. The flows may have time to disrupt the contraction of nearby cores 
in clumps forming low-mass stars, where star-formation is otherwise a virtually con­
tinuous process.
The large masses of observed flows suggests that they are mostly made up of gas 
swept up from the ambient medium. The formation of denser groups of massive stars 
in more active regions may thus be closely followed by the rapid sweeping out of the 
remaining cloud gas by very energetic outflow action to leave visible OB associations 
and open clusters.
Molecular outflows may also be a source of turbulent energy input into molecular 
clouds. 12CO self-absorption features have been observed that have a correspondence 
to the spatial distribution of the outflow lobes (e.g. Lada &  Gautier 1982). This may 
indicate a significant effect on the bulk dynamics of the cloud by the flow. However, 
it is not certain that the mechanical energy of the flows can be efficiently converted to
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random kinetic energy in order to contribute significantly to the turbulent support of 
the cloud (see the discussions by Lada 1985 and Shu, Adams & Lizano 1987).
1.3 Infrared R eflection  N ebulae
Closely associated with the other manifestations of the star formation process are the 
optical and infrared reflection nebulae. These nebulae are extended regions of surface 
brightness in which the emission is generally highly polarised (frequently up to ~ 50%). 
Infrared reflection nebulae are almost always identified with molecular outflows from 
young sources and may also have elongated structure which mirrors that of the known 
high-velocity CO (e.g. Lenzen, Hodapp & Solf 1984, Joyce &  Simon 1986). The 
observed high degrees of polarisation can only be produced by scattering off dust 
grains and the polarisation vectors are always arranged in a generally centro-symmetric 
pattern around the illuminating source (Lenzen 1987). This pattern is consistent 
with single scattering, in which the electric vector of the scattered polarised light 
lies perpendicular to the scattering plane (except in certain unusual circumstances, 
such as in scattering from dielectric particles, Bastien & Menard 1988).
Scattering from material arranged in a bipolar morphology in young sources was 
first proposed by Elsässer & Staude (1978) to explain highly-polarised infrared emis­
sion. However, this was only later associated with bipolar molecular outflows (e.g. 
Heckert & Zeilick 1984). Yamashita et al. (1987), modelling the variation of surface 
brightness and polarisation fraction in GGD27 IRS, found that the pattern was con­
sistent with scattering from the surface of a paraboloid shell and not from material in 
the volume of the lobe. More detailed models were constructed by Bastien &: Menard 
(1988), who also explained the linear polarisation pattern (perpendicular to the outflow 
direction) often found close to illuminating sources (e.g. Scarrott, Draper &  Warren- 
Smith 1989, but see the discussion therein) as due to multiple scattering in a dense 
disk around the source.
Large dense disks surrounding the central source have often been invoked to ex­
plain the asymmetry common in reflection nebulae (e.g. Castelaz et al. 1986). It is 
often found that nebulae are unipolar or ‘cometary’ or that one lobe of a bipolar source 
is much weaker than the other. Without exception it is the reflection lobe correspond- 
ing to the red-shifted flow that is suppressed, and this has been explained as due to 
tilted disks or tori obscuring the further lobes of otherwise symmetrical sources. How­
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ever, as discussed in Chapter 6, this effect can be explained by strong forward-directed 
scattering from large dust grains and there is no requirement for large disks.
It seems that infrared reflection nebulae are created by the molecular outflows 
from YSOs, which sweep out regions of reduced density in the surrounding molecular 
cloud and/or deposit shells of swept-up dusty material beyond the original limits of 
the dense core. This then creates a path by which shorter-wavelength photons from 
the central object can escape and be scattered towards the observer, while the source 
itself remains heavily or completely obscured along the direct line of sight. Analysis 
of the scattered light may provide information relevant to the physical conditions very 
close to high-mass YSOs which are otherwise unobservable.
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C h a p te r  2
D is c o v e r y  o f  N e w  N e a r - i n f r a r e d  S o u r c e s  a n d  
R e f l e c t i o n  N e b u l o s i t y  in  W T 5 N
The orig ina l observations in the series covering the source W75N were sing le-de tector 
maps at 10-arcsec and 20-arcsec resolution, intended to  find the in frared coun terparts  o f 
the HI I/O  H maser and the source o f the known m olecular hydrogen line emission. Physical 
in fo rm ation  on the ionisation o f the surrounding gas and the depth o f foreground m ateria l 
was then obtained by continuum  colour photom etry and spectroscopy o f the new ly-found 
objects.
The work contained in th is chapter was done in co llabora tion  w ith  C .M . M oun ta in , 
T . Yamashita &  M .J. Selby and is published in M oore et al. 1988: M on. Not. R. astr. 
Soc., 234 , 95. The m a jo rity  o f the observations were obtained during  P A T T  a lloca tion  
U / H / l l ,  w ith  add itiona l data provided by the U K IR T  Service Observing Program m e.
Sum mary
Near infrared observations around the OH maser source in W75N reveal new embed­
ded sources, an infrared reflection nebula and extended molecular hydrogen emission. 
The brightest 2-/zm continuum source, IRS-1, may be either a peak in the reflection 
nebula or a self-luminous object, although the former requires very large near infrared 
continuum and recombination brightnesses from the true luminosity source. Confir­
mation of either model requires observations with higher spatial resolution. A  second 
source, IRS-2, is a very young object with strong recombination lines but no accom­
panying 5GHz continuum emission. Photometry indicates a visual extinction of ~ 34 
mag towards IRS-2. The source of luminosity in the reflection nebula has a ZAMS 
stellar type between BO.5 and 07 or equivalent, and is probably coincident with the 
ultracompact HII region and OH maser source W75N(OH).
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Molecular hydrogen v=l-0 S(l) emission was mapped in a slightly undersampled 
1.5 x 2 arcmin area. The total reddened luminosity detected in the line is ~ 0.3 L0 . 
Energetics calculations show that either U V  photons or CO outflow mechanical energy 
are sufficient to account for the H 2 emission by fluorescence or shock-excitation. H 2 
line ratios fall between the values expected for the two mechanisms, suggesting that 
both may contribute.
Simple dynamical timescales suggest that the various sources in this region are 
the result of coeval formation, if a North-South density gradient of around 10 per cent 
may be assumed in the original cloud.
2.1 Introduction
W75N is a bipolar CO outflow source and infrared-luminous region of recent star 
formation with an integrated IRAS SKYFLUX luminosity of over 10 L0 . It is em­
bedded in a large molecular cloud with average radial velocity near +9 kms-1, at a 
distance of 2 kpc (Dickel, Dickel Wilson 1978) and is part of the Cygnus-X complex 
of dense molecular clouds. There are a number of radio, infrared and molecular line 
sources associated with the W75N region and Dickel, Dickel Sz Wilson (1978), who 
have mapped the large scale structure of this area in 12CO and 13CO, suggest that 
these sources may be the products of an interaction between the W75N and nearby 
DR-21 molecular clouds.
The region contains a bright OH maser source W75N(OH) identified with a faint 
ultracompact HII region, HII(B), lying 25 arcsec to the South and 15 arcsec to the 
West of a more extended HII region, HII(A) (Habing et al. 1974; Haschick et al. 1981). 
HII(A) coincides with a 20-^m emission peak (Wynn-Williams, Becklin & Neugebauer 
1974) and is also a source of molecular hydrogen emission (Fischer, Righini-Colien & 
Simon 1980). However HII(B), relatively less studied in the infrared, is also close to a 
high-velocity H 20 maser (Genzel & Downes 1977) and to the peak of the far-infrared 
emission that probably dominates the luminosity of this region (detected at 53 /am by 
Harvey, Campbell & Hoffmann 1977). It has been shown that HII(B) is also a source 
of molecular hydrogen emission (Mountain et al. 1985b).
Fischer et al. (1985) have reported 12CO J=l-0 line profiles from W75N with a 
full width at 0.1K antenna temperature of about 35 kms-1 . This satisfies the criterion 
of Lada (1985) defining the presence of a high-velocity cold molecular outflow, i.e. that
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the full width at T)[(12CO) = 0.1 K should be greater than 10 kms-1 . These authors 
also mapped the region in the high velocity wings of 12CO and discovered an apparently 
lightly collimated bipolar outflow centred near to the HII(A) and HII(B) sources, and 
extending out to about 1.2 pc from it.
In this chapter near-infrared observations of the W75N region are presented, in­
cluding a 8-arcsec resolution 2.2-/rm continuum map covering a 64 X 48 arcsec area 
centred near to W75N(OH). This map reveals a cluster of previously unobserved near- 
infrared continuum sources and an extensive 2-/im reflection nebula. Using photometry 
and Brackett line detections we estimate the extinction towards these sources and dis­
cuss the detailed structure of the region and the nature of the individual objects found. 
An undersampled map of molecular hydrogen v=l-0 S(l) detections is also presented 
covering a 1.5 X 2 arcmin area. The strength, distribution and location of the emission 
is discussed in comparison with excitation models and the constraints they place on 
the energetics of the source.
2.2 O bservations and R esults
All observations were made on the 3.8m United Kingdom Infrared Telescope (UKIRT) 
on Mauna Kea, Hawaii. 4-/im spectroscopy was done with a 5-arcsec aperture using the 
cooled grating spectrometer CGS2 as part of the UKIRT Service Observing Programme 
of October 10, 1986. The 2-/xm mapping, photometry and spectroscopy were carried 
out with the UKIRT CVF spectrophotometer UKT-9 during three half nights on the 
28th — 30th of July 1985. Photometry was done in a 7.8-arcsec beam for the UKIRT 
filter set J, H, K, and 1/ and in a 5-arcsec beam for M. The H 2, v=l-0 S(l) line 
was mapped with a ‘Queensgate’ 2-/im Fabry-Perot étalon with a resolution of ~ 120 
kms-1, used in an uncollimated f/36 beam in front of UKT-9 with a 19.6-a.rcsec sky 
aperture. Sky chopping was used in all observations, the beams being separated ~ 130 
arcsec east-west. The telescope pointing was accurate to about 3 arcsec throughout 
the observations.
Spectrometric and flux calibrations were obtained using N G C  7027 and standard 
stars from the UKIRT standards list. We assumed a line strength, in H 2 v=l—0 S(l), of 
(2.5 ±0.5) x 10 15 W m  1 for N G C  7027, obtained by integrating the map of Beckwith 
et al. (1980) over the 19.6-arcsec aperture used for the 2-/rm spectroscopic observations.
The 2.2-/im continuum flux density map, made on a 4-arcsec grid with the 7.8-
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arcsec circular beam, is shown in Fig. 2.1. The offset centre is at 20h36 rmm50.s5 + 
42°26'56" ± 2 arcsec (1950). This is the peak of the 2-fim emission, and is about 3 
arcsec south and 6 arcsec east of the position of W75N(OH). The image has been 
slightly smoothed using a 2D Gaussian function with a sampling radius equivalent to 
the beam size. The map reveals a small cluster of previously undetected near infrared 
sources which we have designated (in order of 2-//m brightness) IRS-1, IRS-2, IRS-3. 
The latter two sources are pointlike while IRS-1 appears extended by ~ 15 arcsec 
towards the Southeast, with other slight extensions to the West and Northeast. Fig.
2.1 also shows the existence of diffuse 2-gm emission extending over almost the whole 
area covered by the map, with low-level emission (< 2 X 10-15 W m -2 g m _1 per beam) 
extending beyond the limits set by our observations.
Results of photometry measurements are given in Table 2.1 and Fig. 2.2 for 
IRS-1, IRS-2, IRS-3 and a representative point in the extended nebula at offset 20 
arcsec east, 12 arcsec north. IRS-1 and IRS-2 are highly reddened, IRS-2 having an 
H-K = 3.5 and K-L' = 3.8, and typical points in the nebula have H-K ~ 2.3, similar 
to IRS-1. Flux calibrations were obtained using standard stars and the measurements 
of absolute flux from Vega by Mountain et al. (1985a). Bra and Brq line strengths 
toward IRS-1 and IRS-2 are listed in Table 2.2. Two 2.05-yum to 2.30-¿im CVF spectra 
taken at separate points in the extended nebula are displayed in Figs. 2.3(a) and 2.3(b) 
and each clearly shows the v=l-0 S(l) (2.122/im), v=l-0 S(0) (2.223/zm) and v=2-l 
S(l) (2.248 ¿¿m) lines of molecular hydrogen.
To determine the extent and magnitude of the molecular hydrogen emission in the 
vicinity of HII(B) the v=l-0 S(l) line was mapped with a circular 19.6-arcsec beam on 
a 20-arcsec grid. At each point the line and continuum contributions were measured 
by stepping the Fabry-Perot (FP) off the line centre to a suitable continuum point, 
determined from initial CVF and FP scans. The total line-plus-continuum integration 
time per point was 8 sec. The S(l) line strengths are accurate to about 20 per cent, 
most of the error arising from uncertainties in the calibration. The results are shown 
in Fig. 2.4, overlayed on the 6-cm VLA map of Haschick et al. (1981). The H emission 
is extended on a scale of order 120 arcsec which subtends about 1.2 pc at 2kpc. The 
S(l) peak flux in Fig. 2.4 agrees well with 3 x  10-16 W m -2, obtained from the CVF 
spectrum taken at IRS-1 with the same aperture.
19
R i g h t  a s c e n s i o n  ( a r c s e c s )
Figure 2.1: K continuum map. Contours are at 2, 4, 10, 20, 30,... 80 xlO-15
W m ' V m ' 1 per 7.8-arcsec beam. The offset centre is at 20h36m 50s.5; +42°26'56// 
(1950). The map is oversampled at 4-arcsec intervals.





































* 3a upper limit.
- indicates that no measurement was made.
Table 2.2: Recombination Line Strengths
SOURCE Observed line fluxes /10 16 W m  2
Bry: 2.166 /im (20-arcsec beam) Bra: 4.052/zm (5-a.rcsec beam)
IRS-1 1.0 (±0.2) 1.2 (±0.2)
IRS-2 1.2 (±0.2) 9.5 (±0.5)
20
X (pm)
Figure 2.2: Results of J H K L' & M  photometry towards IRS-1, IRS-2, IRS-3 and a 
position in the diffuse nebula. The J measurements of IRS-2 and the diffuse nebula 
are upper limits. Typical lcr errors are around 10 per cent.
Table 2.3: Calculated parameters for the source illuminating IRS-1
Albedo
Pre
J-H A v (J-H)
-reflection:







Draine & Lee 
unity at all A
2.9 27 
2.7 25










Figure 2.3: 20-arcsec resolution 2.05-/rm to 2.30-//m spectra showing molecular hydro­
gen lines originating from two points in the continuum reflection nebula.
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Ri gh t  as cens i on  (1950)
Figure 2.4: Map of tlie v=l-0 S ( l )  line of molecular hydrogen (thick contours) super­
posed on the 6-cm radio continuum map of Haschick et al. (1981). Contour levels are 
at 0.3, 1.1, 1.9 and 2.7 xlO-16 W m -2 per 19.6-arcsec beam. The sampling grid is 20 
arcsec X 20 arcsec. Dotted contours show the 2-/im continuum from Fig. 2.1.
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2.3 Discussion
The low-level, diffuse 2-pm continuum emission in Fig. 2.1 clearly arises from an 
infrared reflection nebula. The alternative possibility of extended free-free emission is 
excluded since the 2-pm CVF spectra (Figs. 2.3(a) and 2.3(b)) show an absence of 
Br7 recombination lines in the nebula, and since no complementary extended radio 
emission is observed (Haschick et al. 1981 & Fig. 2.4). This conclusion is supported 
by continuum polarisation observations at 2 pm by Yamasliita et al. (1988) revealing 
polarisation fractions of up to 50 per cent throughout the region of Fig. 2.1. Strong 
polarisation (20 per cent) was observed towards the K continuum peak, IRS-1, hinting 
that this may actually be a bright portion of the reflection nebula and not the source of 
illumination. The extended appearance of IRS-1 in Fig. 2.1 may indicate the presence 
of separate associated sources or patchy extended emission to the West, Northeast and 
especially towards the Southeast of the peak.
If IRS-1 were a hot (T > 10,000 Iv) self-luminous source then the J-H colour of
2.7 mag (Table 2.1) would imply a visual extinction of A v ~ 25 mag. Hence the Bra 
detected in a 5-arcsec beam towards IRS-1 would require a total Lyman continuum 
luminosity from the associated ionising source of 3.7 x 1045 (±30 per cent) photons 
s_1 (assuming 104 Iv, 1010 m~3 and Menzel’s Case B: Brockelhurst 1971; Giles 1977). 
This is indicative of a B1/B0.5 ZAMS star (Thompson 1984), compatible with the type 
predicted for the star ionising HII(B) (Haschick et al. 1981). However, the displacement 
of IRS-1 from HII(B) (Fig. 2.4) is significantly larger than the RMS telescope pointing 
error making it difficult to conclude that the two sources are the same; the HII region 
may coincide instead with the slight Western extension of IRS-1. The 2-//m peak is 
therefore more likely to be associated with a separate cluster member or with bright, 
extended emission.
No small-beam Brq flux is available to examine properly the Brq/Bra intensity 
ratio towards IRS-1. The line was detected in a 20-arcsec aperture during these obser­
vations, but one cannot say if the emitting source is IRS-1, HII(B), extended reflected 
emission in the nebula or a combination of these. If the emission were solely from a sin­
gle point source at IRS-1, the observed Brackett line ratio would be highly anomalous, 
being close to unity even without dereddening corrections. This makes it more likely 
that the Bra flux is contaminated by HII(B), or that the measured recombination
2 .3 .1  C o m p a c t  C o n t in u u m  S o u rces  a n d  D if fu se  N e b u l a
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lines are due to extended scattered emission in the nebula. Considering also the 20 per 
cent polarisation fraction observed toward IRS-1 (Yamashita et al. 1988), one might 
argue that the source is dominated by, or is purely, reflected light. In this case the 
illuminating object is considerably extinguished at 2 ¡j.m, and would be most probably 
associated with the ionizing source in or near HII(B). This location is consistent with 
the pattern of polarisation vectors observed in the nebula (Yamashita et al. 1988).
Since the assumption of a single point source at IRS-1 creates problems in inter­
preting the recombination line ratio, one should also examine whether the source can 
plausibly consist of scattered light. The main difficulty with such an analysis is the 
assumption of a suitable scattering efficiency or grain albedo for the reflecting material. 
Estimated parameters for a source at HII(B) illuminating IRS-1 are shown in Table 2.3 
for two contrasting cases. The first uses the theoretical graphite/silicate mix albedos 
calculated by Draine & Lee (1984) and the second assumes 100 per cent scattering 
efficiency, independent of wavelength. The ‘pre-reflection’ values of J-H colour and 
implied visual extinction (columns 1 & 2) are not greatly affected either way, but the 
Bry/Bra ratio and its associated extinction estimate are strongly altered by adopting 
the Draine & Lee albedos, as these fall rapidly between 2 ¿/m and 4 /xm. Thus the J-H 
photometry should provide a more reliable extinction estimate, especially since the 
source is identified in this case with a hot ionising star. With better line data it would 
be possible to say more about the grain scattering properties in this wavelength range.
A flat albedo produces a Case B reddening estimate from the Br7 /Bra ratio which 
is too small in comparison with A v (J-H), while the estimate obtained from the Draine 
& Lee results is rather too high (columns 3 & 4). An intermediate 2-/am /  4-f im  albedo 
ratio of ~ 1.6 would provide better agreement; however, if a significant fraction of the 
reddening occurs within the reflecting material itself, optical depth effects will distort 
the J-H colour and the Bry/Bro ratio.
Columns 5 & 6 of Table 2.3 contain Case B Lyman continua and associated 
ZAMS spectral types for a source at HII(B), calculated from the Br7 towards IRS-1 
and assuming a projected displacement from IRS-1 of 6 arcsec (reddening corrections 
are taken from the J-H colours and the Draine & Lee 4-/im albedo is taken to be 0.06). 
In the first case the predicted spectral type is consistent with the IRAS far infrared 
luminosity of the region but not with the 5-GHz continuum measurements of Haschick 
et al. (1981), which imply an ionising source for HII(B) of B0.5; the ionisation required 
by a high, flat albedo is much more compatible with these radio data.
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One may estimate the apparent K magnitude of the central source by using Hub­
ble’s relation for reflection nebulae, in the form given by Castelaz et al. (1985) (which 
assumes 100 per cent scattering efficiency at the wavelength in question):
m*(A) = -2.75 + m'neb{A) - 5loglo0
Here m*(A) is the derived apparent magnitude (at wavelength A) of the illuminat­
ing star, m'neb(A) is the measured surface brightness of a point in the nebula (in 
mag/arcsec2) and 9 is the distance between nebula and source in arcsec. This for­
mula yields the absolute K magnitudes for the illuminating object given in the final 
column of Table 2.3. The value of-9.3 obtained using the Draine & Lee 2 pm albedo of 
0.22 is implausibly bright, since the total IRAS luminosity of the whole W75N region 
is 1.3 X 105 Lq. The latter luminosity, if from a dominant single source, limits the 
ZAMS spectral type to 07 at most, with absolute Iv magnitude of around -4.3. This 
problem may be resolvable in terms of a source with a low effective temperature {i.e. a 
few thousand Iv) which could be separate from the ionising star. If the majority of the 
extinction occurs before reflection, it is also possible that the 2-pm source photosphere 
is spatially extended on a 0.01 - 0.1 pc scale and that the solid angle correction con­
tained in Hubble’s relation is inapplicable. However, the corrections available are only 
just sufficient and must be viewed with caution; we cannot fully account for the Bra 
luminosity needed for reflection which remains (in the Draine & Lee case) about an 
order of magnitude too large in comparison to the 5-GHz flux measurement of Hascliick 
et al. (1981). To correct for this requires a continuum optical depth of ~ 2.5 at 5GHz 
which is not unusual in ultracompact HII regions of the kind studied by Garay, Reid 
&: Moran (1985), but may be hard to accept in a considerably larger object such as 
this. The assumption of a high and roughly constant albedo for this dense cloud-core 
environment appears to obviate the bulk of the foregoing problems; however, this pro­
duces a disagreement between extinction estimates which is opposite to that expected 
from optical depth effects within extended reflecting material.
It is clear that the present data will not allow positive conclusions to be drawn 
on the nature of IRS-1 and it may be that the situation is confused by the presence of 
multiple sources coexisting in a very small region. Further observations are certainly 
necessary, including high spatial resolution maps of the continuum polarisation and 
mid infrared emission plus small-beam Brq observations around IRS-1 and HII(B).
IRS-2 is a deeply embedded, pointlike source with J-H > 3.6 implying Av > 34
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mag along the line of sight. An ionization rate of (3.8±0.4) X 1046 s_1 is implied by the 
Bra flux (3.0 X 10~15 W m “2, de-reddened according to Rieke & Lebofsky (1985), and is 
equivalent to the Lyman flux expected from a ZAMS BO.5 - BO star (Thompson 1984). 
However, no 5-GHz continuum source has been detected at the position of IRS-2 to 
a 2.7 mJy limit (Haschick et al. 1981 and Fig. 2.4). Standard Case B recombination 
theory predicts a radio continuum flux density of ~ 120 mJy at 5GHz from an optically 
thin ionised region producing this amount of Bra emission.
As IRS-2 appears unresolved, no beam-size correction has been applied to the 
Bra/Bry intensity ratio. Comparing the diffuse 2-^m continuum emission nearby IRS- 
2 with that at IRS-1, contamination of the large-beam Bra measurement by scattered 
photons should be an order of magnitude less than the observed flux. The line intensity 
ratio for IRS-2 is thus 8 ± 1.5, implying a Case B extinction of A v = 12 — 17 mag, 
much lower than the value obtained from the J-H colour. If the J-H extinction value 
is correct, then the intrinsic Bra/Bry ratio is around 0.8 (c/ the usual Case B value of 
2.82). Anomalous recombination line ratios are predicted by Simon et al. (1983) for 
very young, medium to low luminosity sources due to self-absorption of the Bra line 
in very dense ionised material. IRS-2 thus appears to be an extremely young, highly 
reddened stellar source, possibly having a very compact ionised region with a high 
continuum optical depth at cm wavelengths.
Little information has been gained on the third near-infrared source, IRS-3, 
except that it appears to be a somewhat less reddened (Av ~ 17 mag from the J-H 
colour), point-like luminosity source. It is, however, close to an enhancement in the 
radio continuum map of Haschick et al. (1981), (see Fig. 2.4) but no recombination 
line observations were made toward this object.
2.3.2 H 2 Emission
By integrating over the map in Fig. 2.4, the total observed luminosity in the v=l-0 
S(l) line obtained is ~ 0.3 L0 . Using the arguments of Beckwith et al. (1980) and 
Fischer et al. (1985) and assuming that most of the H 2 vibrational radiation results 
from cooling behind an isothermal shock, then the power radiated in these lines should 
be approximately equal to the rate at which bulk energy is deposited in the gas. From 
the results of Fischer et al. (1985) the total energy in the CO flow should be 1040
J. If the flow has been steady, its age (i/) is ~ 2.3 x 104 yr, and the total H 2 energy 
radiated in all lines (taking the vibration-rotation temperature as Tv_r = 2000IC)
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during this time is ~ 1 X 1039 J. This assumes that the total power emitted in all H 2 
lines is 10-17 times that in the v=l-0 S(l) line (Shull Sz Hollenbach 1978). Thus the 
ratio of total energies is:
(Total H 2 luminosity X i/)/(CO flow energy) ~ 0.1
Hence the outflow is energetic enough to power the H 2 emission by shock excitation. 
For this ratio to exceed unity, there would have to be an average 2-/rm extinction of 
> 2.5 mag across the whole region, and the likelihood of this is linked to the previous 
discussion of the nature of IRS-1. However, there are many assumptions made in 
calculating this ratio, as discussed by Fischer et al. (1985), and before the molecular 
line emission can be ascribed to post-shock cooling it is necessary to examine other 
excitation mechanisms.
As the line emission appears predominantly near an infrared reflection nebula, it 
is necessary to examine the possibility that the H 2 could be fluorescent, as reported by 
Gatley et al. (1987) in the visual reflection nebula N G C  2023 and by Sellgren (1986) 
for other visual reflection nebulae. Following the argument of Longmore, Robson Sz 
Jameson (1986), about 1 per cent of the total luminosity of a BO.5 star will be emitted 
in the non-ionizing 912 - 1108 A range responsible for fluorescence in H 2. If 75 per 
cent of the emitted photons go into heating dust and the conversion efficiency into
1-0 S(l) photons is about 2 per cent (Black Sz Dalgarno 1976; Black Sz van Dishoeck
1987), then the total energy in the 2.122-/xm line should be about 1.3 Lq.  If the star 
is hotter than B0.5, then this figxire increases rapidly. In fact, we observe ~ 0.3 Lq.  
and so fluorescent emission is energetically feasible. The short-faH in the observed 
emission could be due to a higher U V  absorption rate by dust or missed emission due 
to under-sampling, but is most likely to be accounted for by extinction.
Calculations by Black Sz Dalgarno (1976) for fluorescent H 2 predict [2-1 S(l)]/[l— 
0 S(l)] and [1-0 S(0)]/[l-0 S( 1)] line ratios of 0.52 and 0.64, respectively. These values 
are generally consistent with the results of the more detailed strong field models of 
Black Sz van Dishoeck (1987). From the spectra in Fig. 2.3, the observed ratios are
0.3 ± 0.1 and 0.5 ± 0.1. Assuming a shock velocity of Vs ~ 15 kms-1 and a density 
n(H2) ~ 3 x  1011 m -3 (Chapter 4) the H 2 shock-heated models of Ivwan (1977) and 
Shull Sz Hollenbach (1978) give values of 0.2 for both ratios. The present data fit rather 
better to the U V  fluorescence model, but not sufficiently so to rule out shock-excitation. 
The low ratios may suggest that the observed spectra are a ‘mixture’ of fluorescent
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and shock heated gas. Until further observations are made and more sophisticated H 2 
excitation codes developed it may be difficult to unambiguously differentiate between 
the two mechanisms from limited line ratio studies. The presence of a second strong 
peak coincident with the larger HII(A) seems to point toward fluorescent emission 
there, due to U V  radiation from the BO.5 ionizing star (Haschick et al. 1981) or to non­
ionizing radiation from HII(B) impinging on enhanced density material surrounding 
HII(A).
2 .3 .3  C lu s te r  E v o lu t io n  a n d  M o r p h o lo g y
W75N contains a cluster of young sources, spread over a region about 0.6 pc in size, 
which appear to display a sequence in relative age. The more extended, less embedded 
and so probably more evolved HII region, HII(A) appears in the north, the more 
compact OH maser source HII(B) is central, and on the south end of this ‘line’ is the 
very young BN-type object, IRS-2 (see Fig. 2.4).
To examine if these sources are the result of sequential or coeval formation we 
can calculate the dynamical ages (rj) of the HII regions assuming an expansion rate of 
the order of the thermal sound speed ~ 10 kms-1 (Ho, Haschick &: Israel 1981), this 
also being the apparent expansion velocity of the maser spots near HII(B), (Baart et 
al. 1986). This gives, for HII(A): tj ~ 8 X 103 yr; HII(B): ~ 4x 103 yr and for IRS-2:
Td < 103 yr. The upper limit on the IRS-2 age is calculated assuming the maximum 
size an optically thick 4.9-GHz emission region can have without being detected on the 
VLA map of Haschick et al. (1981) (0.1 arcsec or ~ 200 A.U.), allowing for a departure 
from the assumed sound speed up to a factor ~ 5 (Ho, Haschick &: Israel 1981). If 
these age differences are the result of sequential star formation, the formation times 
(77) would have to be of the same order as the differences in dynamical age.
An upper limit to the formation time can be set by the placental cloud free-fall 
time (tjj) as given by Ho, Haschick &: Israel (1981):
tj > Tg = 4.3 X 1010n(Hr2)_o'5 yr.
The differences in the observed dynamical timescales are ~ 4 X 103 yr, requiring sub­
stantial pre-formation densities greater than 1014 m -3, whereas the observed central 
density in the W75N region is only about 3 x 1011 m -3 (Chapter 4) and there is no rea­
son to suppose this figure was significantly higher in the past. Density inhomogeneities
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or a density gradient of only 10 per cent of the present day value could, however, have 
produced formation times that differ by the range of observed dynamical ages. This 
suggests that the initial collapse to form these objects occurred at the same time, 
with differences in their dynamical ages resulting from a shallow north-south density 
gradient.
2.4 Conclusions
1. Near-infrared observations of W75N have revealed a number of embedded objects 
in a region ~ 0.6 pc in extent, close to the ultra-compact HII region and O H  maser 
source. Surrounding them is an extensive infrared reflection nebula.
2. The brightest 2-ŷ m source, IRS-1, may be a reflection peak in the nebula, but 
this model requires a large excess near-infrared continuum and recombination line 
luminosity from a purely stellar source coincident with the OH maser. It is possible 
to reconcile this excess with the total IRAS luminosity of the region by assuming 
that the source has a considerably extended photosphere with a temperature of only 
a few thousand degrees, but the required recombination line output remains difficult 
to explain. The opposing conclusion that IRS-1 is a real source or a cluster of sources 
is equally probable, based on the present data. The limits on the ZAMS spectral type 
of the central source are BO.5 to 07.
3. The second brightest 2-/rm continuum source, IRS-2, is highly reddened (Av > 
34 mag) with a large recombination line flux although it has no associated 5-GHz 
continuum emission. This object appears to be extremely young, possibly possessing 
a very dense and compact ionized region.
4. The extended molecular hydrogen v=l-0 S(l) emission has an observed luminosity 
of ~ 0.3 Lq. This can be accounted for by the post-shock cooling energy available from 
the CO flow in W75N. However the H 2 line ratios and energetics suggest a significant 
UV-fluorescence component to the excitation.
5. The dynamical ages of the HII regions are surprisingly small and differ by only a 
few percent of possible free-fall formation times. This might be explained by coeval 
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C h a p te r  3
M o le c u l a r  L in e  O b s e r v a t i o n s  o f  t h e  C o r e  a n d  
O u t f lo w  in  W 7 5 N
A fte r the discovery o f new heating sources in W 75N , high resolution m olecular line 
observations were required to  investigate the detailed structu re  in the dense m ateria l close 
to  the newly-formed stars, to  iden tify  the source o f the known h igh -ve loc ity  CO ou tflow  
and to  study the in teractions o f  the o u tflo w  w ith  the am bient cloud core m ateria l.
The observational study in the fo llo w in g  chapter is part o f a co llabo ra tion  w ith  C .M . 
M ounta in  and T . Yamashita and was p a rtly  made during P A TT  a lloca tion  M /M /8 1  and 
partly  during tim e awarded on the Nobeyama 45-m  telescope.
Sum mary
High-resolution (15 to 20 arcsec) observations of the CO outflow in W75N reveal an 
apparently well-collimated but complex spatial structure. The flow appears to be 
multi-polar with structure and degree of collimation dominated by interactions with 
the inhomogeneous material of the cloud core. The main red-shifted flow lobe appears 
to split and diverge after an interaction with a large clump of dense gas in its path. 
The total mass of outflowing gas is calculated as > 100 Mg. The internal structure of 
the outflow is not that of a molecular shell around a hot, expanding bubble; molecular 
gas fills the flow channels. The outflow is therefore most likely to be momentum-driven 
by an energetic stellar wind.
CS observations of the cloud core show a large, massive condensation as found 
in the submillimetre continuum with mass ~ 2700 M g  and mean density n(H2) — 
2 x 1011 m~3. There are no signs of a large interstellar toroid around the outflow 
source, or of a significant rotation in the existing core. However, the large core mass 
is sufficient to provide gravitational confinement of the outflow and to cause large- 
scale (re-)collimation of an initially isotropic or freely expanding flow. Morphological
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features in the core correspond directly to others in the multipolar CO outflow, forming 
channels and obstacles for the high-velocity gas.
The distribution of emission from the rare isotope C 180 in the central region 
shows two massive condensations of roughly equal size and mass (350 M 0) within the 
larger CS core. One of these centres corresponds to the submillimetre continuum peak 
and outflow source, the other has no associated continuum source and may be at a 
very early evolutionary stage
3.1 Introduction
A number of molecular line studies of star forming regions have provided direct evidence 
of large (~ 0.1-pc), disk-like or toroidal structures of dense molecular gas and dust 
surrounding young bipolar outflow sources (e.g. Kaifu et al. 1984; Hasegawa et al. 1984; 
Torrelles et al. 1984; Little et al. 1985; Jackson, Ho & Haschick 1988). These formations 
are thought to have causal connections with the high velocity flows; however, the 
precise dynamical relationship between the apparent disks and the outflows is not 
known. The observed flattened structures may simply be fossil remnants of a density 
distribution produced by non-spherically symmetric contraction of the original cloud 
in the presence of rotation or anisotropic magnetic support (see Lizano & Shu 1989). 
In tliis case, the flattened core may still provide collimation for the outflow through 
gravitational or inertial confinement. On the other hand, collimation of the flow may 
occur at much smaller scales through the confining action of ‘circumstellar’ (as opposed 
to ‘interstellar’) material (cf the detection of an elongated circumstellar dust envelope 
in L1551 IRS5: Moneti et al. 1988 and the narrow jet originating very close to HH 
34: Reipurth et al. 1986). There have also been strong suggestions that the outflows 
themselves may be generated and powered by the energy released from a rotating and 
contracting magnetized small-scale accretion disk (e.g. Shibata & Ucliida. 1986; Pudritz 
Sz Norman 1983). Such models are attractive in that they provide a mechanism for 
simultaneously providing a ready-collimated flow and for shedding angular momentum 
in the contracting protostar and disk. It is also thought that disks may prolong the 
mass accretion process in a new star well beyond the point at which it would otherwise 
be stopped after the onset of hydrogen burning (Shu, Adams &  Liza.no 1987).
The massive bipolar molecular outflow from W75N was mapped in the J=l-0 
transition of CO by Fischer et al. (1985) (hereafter F85) at approximately 1-arcmin
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resolution. They found high velocity material with a large and apparently lightly- 
collimated bipolar morphology, the blue- and red-shifted lobes overlapping by a large 
fraction. These observations enabled estimates of the mass, momentum and energy in 
the outflow and of its apparent age, but had insufficient spatial resolution to pick out 
a candidate source from the three compact ionisation centres resolved by Haschick et 
al. (1981).
Little data exists on the dense core surrounding the outflow source except for a 
low-resolution map of H C N  emission by Morris et al. 1974. The W75N and neighbour­
ing DR21 molecular clouds were studied in very low resolution CO observations by 
Dickel, Dickel & Wilson (1978) who postulated that the newly-formed sources in both 
clouds could be the consequence of a collision between these two large formations.
3.2 O bservations
Observations of the 115 GHz J=l-0 transition of 12CO, CS (J=l-0) at 49 GHz and CS 
(J=2-l) at 98 GHz were made with the 45m telescope of Nobeyama Radio Observatory 
(NRO), Japan. The two CS transitions were measured simultaneously, along with the 
48-GHz C34S (J=l-0) line, by directing the two linearly polarised components of the 
signal into separate receivers. The signal was then split into 2 high resolution (40- 
kHz) and 2 low resolution (250-kHz), separately-tuned, 2048-channel acousto-optical 
spectrometers for each required line. The CS emission was mapped on a regular 15- 
arcsec grid over an area of approximately 4 x 3  arcmin. The telescope beam was 
approximately Gaussian in profile with half-power size of 36 ± 1 arcsec at 49 GHz and 
18 ± 1 arcsec at 98 GHz, and so the CS maps are over-sampled in J=l-0 and somewhat 
undersampled in J=2-l. The CO (J=l-0) observations were made on a 10-arcsec grid 
in a 2 x 2 arcmin square region around the emission peak, almost fully-sampling in the 
16-arcsec beam, and on a 15-arcsec grid in the outer regions of the map.
For both CS and CO observations, the sky emission was subtracted by position- 
switching to an emission-free region at 20h37m 09s.8 +42°34/13" (1950). The off- 
position was observed once for every 3 to 4 on-source measurements. Maps were 
built up by rastering in Right Ascension and then repeated, scanning in Declination to 
minimise the possible effects of variations in calibration between scans (which might be 
affected by short-term variations in sky opacity etc). As a further safeguard against this 
problem, a reference position close to the source peak was observed at the beginning
35
of each 1-D scan to ensure consistent internal calibration within the maps. Absolute 
calibration was carried out automatically using a rotating hot load in the beam before 
each raster. The telescope software yielded results in the T* or corrected antenna tem­
perature scale. T* is corrected for rear spillover and atmospheric losses (see Kutner 
& Ulich 1981 for definitions of the major temperature scales used in molecular line 
studies). The Shottky diode receivers employed provided single-sideband system tem­
peratures of 600K — 1000K at 115 GHz, 500K — 700K at 49GHz and 700K — 1,000K at 
98 GHz. Pointing observations were made every 1 to 2 hours by observing the nearby 
80GHz SiO maser in N M L  Cyg.
13CO and C180 (J=l-0) at 110 GHz were measured during January, 1987 with 
the N R O  45-m, employing the same observing techniques. The 13CO map covered the 
same sampling grid observed in 12CO while C180 was observed on a 10-arcsec grid in 
the central region of the cloud core. System temperatures were 500 - 550 Iv.
12CO and 13CO (J=2-l) at 230 GHz and 220 GHz and CS (J=7-6) at 343 GHz 
were observed during May 1988 at the James Clerk Maxwell (JCMT) 15-m telescope 
on Mauna Kea, Hawaii. Two separate, dual-polarisation, Schottky diode receivers 
were used for the 230 and 343 GHz bands. As with the N R O  45-m, position-switching 
was used (to the same off position), but with one sky measurement for every on- 
source position to compensate for the greater sky instability at higher frequencies. A  
single (330-kHz per channel) AOS was used to analyse the signal, giving 0.3 kms-1 
resolution at 343 GHz and 0.4 kms-1 at 230 GHz. System temperatures were between 
800 K and 900 Iv at 230 GHz, 900 K - 1,000 K at 220 GHz and 3,000 If - 5,000 
K at 343 GHz. The half-power beam sizes at 230 and 343 GHz were 21 and 15 
arcsec, respectively. Again the CO (J=2-l) maps followed the original 12CO (J=l- 
0) sampling. The CS (J=7-6) line was mapped on an undersampled 10-arcsec grid 
in a 15-arcsec beam. Accurate pointing was maintained by observations of the peak 
position in W75N itself. Calibration was performed internally, observing hot and cold 
loads about twice per hour. A  summary of the observations is shown in Table 3.1.
3.3 R esults
The line profiles at the reference positions are displayed in Figs 3.1 (CS), 3.2 (CO, 
13CO, C 180 J=l-0) and Fig. 3.3 (CO, 13CO J=2-l). These profiles are the results of 
averaging the flux reference taken during each raster scan. Except for 12CO (J=l-0),
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Figure 3.1: (a) CS (J=l-0), (b) CS (J=2-l) and (c) C34S (J=l-0) line profiles at the 
central map position. The total on-source integration time was 11 minutes for the CS 




Figure 3.2: (a) 12C0, (b) 13C0 and (c) C180 (J=l-0) spectra. The 12C0 reference 
position was at offset (-39, +3) arcsec from the map centre. Total on-source integration 
times: 11 minutes (12CO), 23 minutes (13C0) and 5 minutes (C180).
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Figure 3.3: (a) 12COand (b) 13CO (J=2-l) spectra at the central reference position. 
Total on-source integration time: 7 minutes.
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which was at offset (-39, +3), all reference positions were at the map centre. The 
number of co-adds and hence the resulting noise levels varies in these spectra. C34S 
(J=l—0) was only detected at the central reference position after coadding 27 20-s 
scans.
All the maps presented in this chapter have offset centre: 20h36m 50s.0 +42°27'01'/ 
(1950), which is close to the position of the compact HII region and O H  maser source 
HII(B) (see Chapter 2). Spectra are given in terms of velocity with respect to the 
local standard of rest (VLSR). The cloud core of W75N has a velocity of approximately 
+9.5 kms-1 in this frame of reference. A  linear baseline has been subtracted from each 
spectrum before inclusion in the maps.
Figs 3.4 and 3.5 contain the integrated CS (J=l-0) and (J=2-l) maps, respec­
tively, while Figs 3.6 and 3.7 show the velocity-channel maps obtained in these tran­
sitions and display the velocity structure in the cloud core. In order to compare the 
J=2-l and J=l-0 results the effective resolution of the former was degraded to 36 
arcsec by averaging, with Gaussian weighting, each point over neighbouring pixels to 
match the 49 GHz beam. A map of the ratio of integrated line brightness temper­
atures is shown in Fig. 3.8. Fig. 3.9 is the integrated CS (J=7-6) emission in the 
central 50 x 50 arcsec. The signal-to-noise ratio of the CS(J=7-6) observations were 
insufficient to provide useful velocity information in this transition.
The results of the CO observations are displayed in Figs 3.10 to 3.17. All
maps and spectra in this chapter use the T* temperature scale. To derive telescope- 
independent source parameters it is necessary to know the intrinsic line brightness 
temperatures Tb as would be observed by a perfect telescope above the atmosphere, 
perfectly coupled to the source. Tb is related to T *  via Tb =  T*/t7c =  T*/(77fssr?c) 
(Kutner & Ulich 1982). pfss is the forward scattering and spillover efficiency (and is 
mainly determined by the surface accuracy of the dish with respect to the observed 
wavelength). Values of rjfss were 0.8 (for JCMT at 230GHz and at 343 GHz) 0.7 (for 
the 45-m at 49 GHz) and 0.4 (for the 45-m at 98 and 115 GHz). The source coupling 
efficiency r]c remains close to unity for source sizes comparable to or larger than the 
beam and, since this is the case in most of the present data, it is assumed that r/c = 1. 
This assumption will be most inaccurate at high velocities in the CO outflow and will 
result in under-estimates of Tb- The rms pointing uncertainty was determined to be 













Table 3.1: Observations summary
Line GHz date telescope beam Vfss
12CO (J=l-0) 115.271 1986 May NR O 16" 0.4
12CO (J=2-l) 230.538 1988 May JCMT 23" 0.8
13CO (J=l-0) 110.201 1987 Jan NR O 16" 0.4
13CO (J=2-l) 220.399 1988 May JCMT 23" 0.8
C 180 (J=l-0) 109.782 1987 Jan NR O 16" 0.4
CS (J=l-0) 48.991 1986 May NR O 36" 0.7
CS (J=2—1) 98.981 1986 May NRO 18" 0.4
C34S (J=l—0) 48.207 1986 May NR O 36" 0.7
150 100 50 0 -50 -100
R.A. o f f s e t  ( a r c s e c )
Figure 3.4: CS (J=l-0) emission integrated between V LSR = 5 and 13 kms-1. Contours 
are in units of T* at intervals of 5 K.kms_1from 5 K.kms-1. The half-power beam 
size for this line was 36 arcsec. The observed points are marked.
R.A. o f f s e t  ( a r c s e c )
Figure3.5: CS (J=2-l) emission integrated between V LSR = 5 and 13 kms-1. Contours 
are in units of T* at intervals of 2 K.kms_1from 3 K.kms-1. The half-power beam 
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Figure 3.6: Velocity-channel maps in CS (J=l-0) emission. The velocity interval is 1 
kms-1 from V LSR = 6 - 7  kms_1to V LSR = 13-14 kms-1. Contours are in units of 
T*at intervals of 0.5 K.kms-1 from 0.5 K.kms-1.
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Figure 3.7: Velocity-channel maps in CS (J=2-l) emission. The velocity interval is 1 
kms-1 from V LSR = 6 - 7  kms_1to V LSR = 13-14 kms“1. Contours are in units of 
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Figure 3.8: Spatial distribution of the ratio of integrated brightness temperatures 
[Tb(J = 2-l) JT b(J  = l-0). Contours are at intervals of 0.1 from 0.8.
R.A. o f f s e t  ( a r c s e c )
Figure 3.9: Map of the integrated CS (J=7-6) emission in the central area. Contours 
are in units of T*, at intervals of 5 K.kms-1 from zero.
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Figure 3.10: (a) 1-arcmin resolution 12CO map of the W75N outflow from Fischer et al. 
(1985) (FS5) The blue-shifted, emission (solid contours) is integrated between V LSR = 
1 and 5 kms-1 and the red-shifted emission (broken contours) between V LSR = 17 and 
20 kms-1. Contours are drawn at 3,4,5,.... K.kms-1. The filled triangle and circle 
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Figure 3.10: (b) 15-a.rcsec resolution 12CO map from the present data. The integration
limits are the same as for (a). Contours are at 2,4,6,.... K.kms_:L(blue) and 2,3,4,..
K.kms_1(red).
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Figure 3.11: CS (J=2-l) emission from V LSR = 9 to 10 krns“1 (cloud rest velocity; 
dashed contours) superimposed on red-shifted 12CO contours (solid; as in Fig. 3.10) 
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Figure 3.12: Total integrated 12C0 (J=l-0) emission (VLSR = 2-30 kms-1). Contours 
are at intervals of 5 K.kms-1from 30. The half-power beam size for r2CO (J=l-0) was 
16 arcsec.
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Figure 3.13: 12C0 (J=l-0) velocity-channel maps, (a) Channels of width 1 kms“1 
from V LSR ~ 1 to 9 kms“1. Contours are drawn at intervals of IK from IK, except for 
the 7-8 kms“1 and 8- 9  kms“1 maps, where the base is 3K.
50
Figure 3.13: 12C0 (J=l-0) velocity-channel maps, (b) From V LSR = 9 to 17 kms-1. 
Contours are as in (a) except for the channels at 9 - 10, 10 - 11, and 11 - 12 kms-1, 
where the base is 4K.
R.A. o f f s e t  ( a r c s e c )
Figure 3.13: 12C0 (J=l-0) velocity-cliannel maps, (c) V LSR = 17 to 25 kms 1. Con­
tours as in (a).
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Figure 3.14: Total integrated 13CO T*(J=1~0). Contours are drawn at intervals of 2 
Iv.kms-1 from 10 K.kms-1. The observed points are marked.
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60 30 0 - 30  - 6 0  - 9 0
R.A. offset (a rcsec)
Figure 3.15: Total integrated 12CO T*(J=2-1). Contours are at intervals of 20 
K.kms-1 from 80 K.kms-1. The half-power beam size for this line was 23 arcsec.
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60 30 0 - 3 0  - 6 0  - 9 0
R.A. offset (a rcsec)
Figure 3.16: Total integrated 13CO T*(J=2-1). Contours are at intervals of 10 
K.kms-1 from 20 K.kms-1.
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3.4 Discussion
3 .4 .1  C S  M o r p h o lo g y
The cloud core of W75N, as traced by CS line emission is relatively large, with respect 
to other similar sources. The observed half-power size of the main core is approximately 
70 arcsec in both R A  and Dec (Figs 3.4 & 3.5), which is subtended by 0.7 pc at the 
accepted distance of 2kpc (Dickel, Dickel & Wilson 1978). This indicates that densities 
high enough to excite significant quantities of CS to the lower J states (n(H2) > 2x 1011 
m -3) persist over a large area, instead of being localised around individual objects.
The most notable feature in the CS maps, apart from the main core, is a large, 
virtually independent condensation towards the southwest. This clump is almost co­
incident with a spur or secondary flow branching from the main red-shifted lobe of the 
CO outflow (Fig. 3.11) and there may be a causal relationship between these unusual 
features. The southwestern clump also appears to form the southern limb of a sheath 
of dense material around the main red flow. It may thus consist of material separated 
from the main cloud core and piled up by the impacting high velocity gas. The north­
ern limb of the sheath is less prominent but can be recognised in the velocity-cliannel 
map at the cloud rest velocity (Fig. 3.7). The main core component peaks very close 
to the position of the OH maser source HII(B) which is also the likely origin of the 
CO outflow (Fig. 3.10).
In the velocity channel maps shown in Fig. 3.6 and 3.7 the emission at the local 
cloud velocity (9-10 kms-1) clearly resembles the integrated emission maps of Figs 
3.4 & 3.5. Local enhancements appear either side of the main CO flow channel to the 
southwest of the peak and, in the J=2-l map, to the northeast where a second localised 
red-shifted outflow component is located. The J=2-l emission shows up physical 
features with more clarity than the J=l-0 due to a combination of higher spatial 
resolution and a higher critical density for the former transition which thus tends to 
trace denser material. At slightly blue-shifted velocities (7-8 kms-1) the emission in 
the southwest becomes more uniform across the outflow channel and suggests the front 
surface of an expanding cone-like structure of dense gas around the outflow.
The velocity dispersion of the CS-traced material is rather small, and little emis­
sion appears outside ±3 kms-1 from the cloud rest velocity. However, at red-shifted 
velocities outside this range, low-level emission was detected within the southwestern 
outflow channel (Figs 3.6, 3.7), indicating the presence of a small amount of dense
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material moving in the main red flow lobe. At about +2 kms“1 from the cloud rest 
velocity, the CS emission peak begins to shift to the southwest, towards the main red- 
shifted outflow channel. The emission tends to follow the walls of the channel at first, 
leaving a void in the centre and mirroring the pattern of the low-velocity CO in the 
same region. As the relative velocity increases, the emission shifts towards the centre 
of the channel. This pattern very clearly represents the acceleration of dense material 
ablated from the walls of a cavity by the low-density, high-velocity gas of the outflow. 
The fastest gas, located in midstream, emits rather weakly and has probably been 
disrupted during the acceleration process, leaving a lower proportion of dense gas able 
to produce significant CS emission.
As with the CO flow morphology, all the blue-shifted dense material traced by CS 
appears localised around the source position, indicating a trajectory close to the line of 
sight. At 8-9 kms“1 the southwestern clump appears as two separate components. This 
gives the appearance that the condensation is somewhat disrupted and in the process 
of breaking up but this is unlikely to be happening (see §3.4.6) and this morphology 
is more probably due to a line opacity effect, especially since it occurs close to the line 
centre velocity.
There is no sign, in the CS velocity-cliannel maps (Figs 3.6 & 3.7), of any sys­
tematic spatial shift that might indicate significant rotation of the core. A  shallow 
northwest-southeast gradient in the larger-scale W75 cloud was identified by Dickel, 
Dickel Sz Wilson (1978), but the variation from this gradient over the area covered 
by the current observations would be significantly less than 1 kms“1. There is no 
evidence, either in the shape of the core or in the velocity structure, for any large 
disk or toroid formations such as are often associated with CO outflows (e.g. L1551: 
Kaifu et al. 1984, G G D  27: Yamasliita et al. 1989, G35.2N: Little et al. 1985). It is 
becoming apparent that such large structures may have little to do with the formation 
or collimation of molecular outflows and that very high degrees of flow collimation can 
be achieved where no large disk is present (e.g. in N G C  2071: Snell et al. 1984; N G C  
2024: Richer et al. 1989). The large, flattened and often rotating structures that have 
been observed are more likely to be passive vestiges of the early density distribution in 
the cloud and/or the results of ablation by an already collimated flow. If disks do play 
an active role in outflow collimation or even formation, then they are likely to do so on 
the scale of the circumstellar structures around young low-mass stars (the existence of 
which is supported by indirect evidence: e.g. Moneti et al. 1988, Grasdalen et al. 1984,
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Beckwith et al. 1984, 1989), and of the very narrow, optically visible jets originating 
very close to similar (but especially low-mass) objects (e.g. Reipurth et al. 1986).
3.4.2 CS Radiative Transfer Analysis
Throughout this chapter, the main analysis of of the molecular line data is done us­
ing the assumption of local thermodynamic equilibrium (LTE) in which the rotational 
levels of the molecule are taken to be thermalised, i.e. populated according to the 
Boltzmann distribution. In the case of CS, comparative reference is made to approxi­
mate results predicted by existing models of radiative transfer through a large velocity 
gradient (LVG) (i.e. Linke &: Goldsmith 1980), although there is evidence that LVG 
modelling may be inappropriate where velocity dispersions in the dense gas are less 
than ~ 10 — 15 kms_1pc_1 (Irvine, Goldsmith & Hjalmarson 1987: hereafter, IGH), 
which is considerably larger than that indicated by the CS line widths in W75N (Fig. 
3.1). Further, it appears from the observations that the transitions in the dominant 
isotope are significantly optically thick and hence that the LVG assumptions are not 
valid over much of the line (see below).
The large electric dipole moment of the CS molecule which makes it an excellent 
probe of high density gas (with critical densities of 2 X 1010 m -3 and above) also means 
that the rotational levels may be sub-thermally populated over significant regions of a 
source. However, the mean densities in the W75N core, suggested by analysis of the 
submillimetre continuum emission (Chapter 4), are above the J=2 1 critical density 
(2 X1011 m -3). The inaccuracies involved, and the differing estimates obtained through 
LVG modelling, are in any case overwhelmed by the large uncertainty in the relative 
abundance of the molecule (n(CS)/n(H2) = X(CS)). Garden (1986), in a study of the 
DR21 cloud and outflow, finds largely similar predictions of the physical parameters 
from LTE and LVG models, but it is clear that DR21 is a considerably more ener­
getic outflow source than W75N and the velocity gradients in the cloud core may be 
appropriately large for LVG models to apply.
The detection of the isotopic line of C34S (J=l-0) at the central position (cor­
responding to the maser source HII(B)) allows an estimate of the optical depth in 
the main isotopic line. If the two species are assumed to have the same excitation 
temperature,
T* (C S ) i  _  e -m s  ^  i  _  e - « r C34S
T* (C 34S) “  1 _  e~ Tc ^ s  ~  1 -  erc « s  t3 ,1 )
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where R — T c s / r c 34s equal to the relative isotopic abundance of the C34S species. 
If R is very large compared to the observed line ratio, as is usually the case with CO 
and 13CO, then its assumed value does not significantly affect the calculated value 
of t .  However, in W75N the peak line ratio, 10 ± 3, and the integrated line ratio,
9.7 ± 0.3, are comparable to the expected isotopic abundance (the solar system value 
is R ~ 23) and the assumed value of R  becomes important. Using the above relation 
and R = 23, the predicted value of the J=l-0 line-centre optical depth at the central 
source position is r(CS 1-0) = 2.2 ± 0.9.
If we know the excitation temperature (Tex) of the line emission, it is possible 
to investigate the optical depth from the ratio of T*(2-l) to T*(l-0), even though 
the present data introduce extra problems related to the different beam sizes for the 
two transitions. After convolving the map of integrated J=2-l emission to an effective 
resolution of 36 arcsec and taking account of the differing antenna efficiencies at the 
two frequencies, the peak brightness temperature ratio Tb(2-l)/Tb(l-0) is 1.0 ± 0.2 
at the central position. Taking T ex(2-1) = T ex(l-0) = T<fust = 29K from Chapter 4, 
the optical depth ratio r(2 — l)/r(l — 0) is predicted to be 3.5, since
v-21 ( i - c- ^ / fcT« )  . ,—  = 2V-r-ñ~ (3.2)rio (e^ioATe* _
(see Appendix A) which represents the optically thin limit to the brightness tempera­
ture ratio and otherwise tends to unity with increasing optical depth. Then by applying 
Eqn. 3.1 with R = 3.5 and rC34s substituted by ri0, the predicted line temperature 
ratio is 1.1, in agreement with that observed. However, in parts of Fig. 3.8, the Tb 
ratio falls below unity even though the lines are strongly detected. This may be a sign 
that a line-of-sight temperature gradient in the internally-heated cloud is affecting the 
relative line strengths and distorting the line ratio (see Cantó et al. 1987). In fact the 
optical depth in the J=l-0 line is well within the range of values (1-3) most sensitive 
to such distortions.
Having obtained a value for the line optical depth, a preliminary calculation of 
the mass of the dense, CS-traced cloud core can be made by considering the integrated 
emission from the entire source. From Appendix A, the beam-averaged CS column 
density at each point is estimated from the J=l-0 antenna temperatures as follows:
ÑCS -  ( r r i M  /  < n « r- (3.3)
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If 7io = 2.2, the CS column density at position (0, 0) is 5.4 x 1018 m -2, taking T ex at 
the central position to be 29K, to be consistent with the dust temperature measured 
in Chapter 4. IGH find consistent values of X(CS) in the range (3.9 — 10) x 10~9 
from Galactic sources. The mean value of their results is 7(±3) X  10-9, which yields a 
molecular hydrogen column density of 7.7 x 1026 m -2.
There is evidence in the C 180 data (§3.4.5.2; Fig. 3.21) that Tex in the molecular 
gas away from the central source falls to 10K - 15K. Hence, taking T ex = 15K as an 
effective temperature characteristic of the whole core, a total core mass of 2900 (±1200) 
M@ is obtained by summing Ncs over Fig. 3.4. This result is quite consistent with 
the cloud core mass obtained from submillimetre continuum observations in Chapter 
4 (1900 M q , using a single-temperature model), small adjustments in the effective 
Te:r and X(CS) taking care of any residual discrepancy. It should be noted that 
this result for the core mass assumes that the value of rio found at (0, 0), where 
a C34S measurement is available, is applicable to the whole core, so introducing an 
unquantified error. The justification for this crude assumption lies in the persistently 
low values of Tb(2-l)/Tb(l-0) in Fig. 3.8 which should rise to between 2 and 3 if the 
optical depth in the line were significantly reduced in other parts of the cloud core.
The same method applied to the J=2-l map produces a CS column density esti­
mate at (0, 0) of 5.2 X 1018 m ~ 2, since
The corresponding total core mass estimate is 2500 Mq.  The assumptions therefore
possible explicitly to calculate the variation in Tex across the core or to find a com­
parative value of T ex(J=2-l) using the present data, since we have no information on 
C34S(J=2-1) or the spatial variation of C34S(J=l-0).
(3.4)
produce quite consistent results for Ncs at fhe maP centre (to which they more specif­
ically apply) and for the total core mass from both J=2-l and J=l-0 data. It is not
In an inhomogeneous medium the beam-filling factor / gives an indication of the 
dumpiness of the material. The value of / can be calculated directly from the definition 
of line brightness temperature, via:
T b
(3.5)
^ ¿ [ ( e^ 0 /fcTex _  i ) - i  _  (e^.jA-Tbg _  i ) - i ] ( i  _  e_ r*i)
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where Tts is the temperature of the cosmic microwave background. For CS(J=l-0) 
this expression becomes:
f _   ; K / v f s s V c  , s
n0 [2.35(e2-35/T« _ 1)-1 _ 1.69](1 - e^o)’ V ‘ ’
/io = 1 for a uniform source that fills the beam. If Tex = 15K, the values of both 
fio and f2\ at (0, 0) in Figs 3.4 and 3.5 are 0.75 (this result depends on the assumed 
excitation temperature and / is larger at smaller values of T ex).
The brightness temperature ratio map of Fig. 3.8 shows low values localised 
around the southwestern CS condensation, to the northwest of the central peak and 
along a ridge to the east of the centre. These areas are most probably regions of 
either reduced excitation (lower T ex) or increased optical depth. Since no continuum 
source has been detected within the southwestern condensation in either the near- or 
mid-infrared (Chapter 5) it is likely that the dust temperature here is lower than in 
the heated core, say 10-20 K. Support for high optical depths to the east of the main 
central peak can be found in the presence of a second eastern peak in the rare isotope 
C180 (J=l-0) (Fig. 3.17). In consistent fashion, the regions of increased CS (2—1)/(1— 
0) trace the channels of the two main red-shifted CO outflow lobes, where the flows 
have removed large amounts of core material, reducing the gas column density and 
optical depth, and/or shock-heated the nearby dense gas. Evidence of shock-heating 
within the outflow cavities is available from the detection of near-infrared H 2 lines in 
the corresponding regions (see Chapter 2)
A  simple comparison of the above LTE results with the predictions of a LVG model 
for the dense gas can be made by examining Fig. 3 of Linke & Goldsmith (1980). At 
Tex = 20K, a line brightness temperature of ~ 8K and a (2—1)/(1—0) ratio {R2\) close 
to 1 indicate a density of about 8 X 1010 m -3 and X(CS)/(dV/dr) ~ 3 X 10_1° (kms-1 
pc-1)-1. From the line widths in Figs 3.3 & 3.4, dV/dr in the W75N core is 7-8 kms-1 
pc-1,so the predicted CS abundance is X(CS) ~ 2 X 10-9, which is less than the lowest 
value reported by IGH and a factor of 3 below the value assumed above. IGH observe 
that low derived abundances are a feature of the application of LVG models to sources 
without velocity gradients over 10-15 kms-1 pc-1 in which optical depths remain high 
over much of the line. The predicted density is also lower than the mean LTE figure 
(3 x 1011 m -3 at (0, 0)), since, under LVG assumptions, R 21 ~ 1 indicates sub-critical 
excitation of J=2. Lower values of R2\ mean lower densities from the model, while
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higher values mean higher densities but considerably lower CS abundances. At higher 
Tex, the LVG-predicted densities decrease further, while the values of X(CS) increase.
Taking Tex = 29 K and rio = 2.2, the assumption of thermalisation of the rota­
tional levels up to J=7 would imply an optical depth in J=7-6 of 80. However, the true 
optical depth is probably less than this, because the columns over which the J=7-6 and 
J=l-0 transitions are excited are not comparable. The critical density for J=7-6 is 
~ 2 X 1013 m ~ 3 and it is only above this value that the line emission is <x Ncs• O n the 
other hand, the critical density may be less significant in the case of high optical depth 
where radiative trapping will contribute significantly to the excitation. It is likely in 
any case that only the inner regions of the core contribute to the J=7-6 emission and 
this is borne out by the limited extent of the detectable emission in Fig. 3.9 compared 
to that in Fig. 3.4 & 3.5 (J=l-0 and J=2-l). It is clear that without knowledge of 
the density and temperature structure of the core it is difficult to compare directly the 
J=7-6 data with the lower transitions examined above. A lovrer limit to the column 
density of CS in which J=7 is significantly populated can, however, be obtained from
^ 2T ° -/ T  ifr ow . (3.7)
(Appendix A) which is accurate in the optically thin limit. This yields N^s ^ 1-4 X 1017 
m -2 and 1Vh2 > 2.1 X 1025 m -2 at position (0, 0), if Tex = 29K is still applicable. From 
Fig. 3.9 the physical linear size of region emitting J=7-6 is ~ 1/3.5 of that of the 1-0 
and 2-1 core. The column density ratio therefore lies somewhere between this value 
and unity, depending on the radial density distribution in the cloud. For instance, if 
N 76/N10 were equal to 0.6 (in a somewhat somewhat centrally peaked distribution) 
and if LTE were still appropriate, t 76 would be < 34 since T ex — 29K now' probably 
constitutes a lower limit to the effective excitation temperature.
An analysis of the CS data in each velocity channel enables the calculation of 
the mass, energy and momentum of the W75N core material for comparison with the 
outflow energy and momentum input and with the gravitational binding energy of the 
dense gas and the embedded stars. These three quantities are calculated through the 
three moments:
M  = Y /m(V), P  = £m(V)H, E = W m ( V ) V *  
v  y  v
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where m(V) is calculated from T*(V) in the same way as before. The current C34S 
profile (Fig. 3.5) does not have sufficient signal-to-noise to calculate optical depth 
corrections to m(V) in the wings of the line (i.e. outside ±2 kms-1 from the line 
centre), but CS/C34S ratios of between 9 and 12 occur in the line core. Hence, assuming 
optical depths in CS(J=l-0) of 2 to 2.5 for V LSR between 8 and 11 kms-1 and < 1 
otherwise, the above expressions yield M  = 2700 Mg, P = 5.3 X 1036 kg.ms-1 (2700 
Mgkms-1) and E = 4.8 X  1039 J. The mass value is in good agreement with the 
cruder estimate above and is probably more accurate, as it takes into account the 
inevitable reduction in optical depth in the line wings. The momentum and kinetic 
energy estimates are lower limits, since the velocities used are projections along the 
line of sight and some of the material apparently at V  = 0 will also be in motion. 
If the velocity field in the dense gas were completely isotropic (i.e. as in the case of 
uniform expansion or contraction or completely random motion) and there were no 
significant distribution of speeds between constituent clumps, the above momentum 
estimate would be 0.64, and the kinetic energy 0.5, of their true values. Under the 
assumption of a Gaussian density distribution, the gravitational binding energy in the 
CS-traced core can be estimated from the expression in §4.4.4. If the embedded stars 
within the core contribute about 200 M 0, a mass of ~ 2700 M g  in the core itself 
means a gravitational binding energy of ~ 5 x 104° J. Given that the worst potential 
underestimate of E above is little more than a factor of two the core appears to be 
gravitationally bound, despite signs of expansion in the outer layers.
3.4.3 C O  Line Profiles
The 12CO (J=l—0) spectrum shown in Fig. 3.2 has a number of interesting charac­
teristics. This complex line profile is a mixture of separate emission and self-reversal 
features. The peak at VrLSR = — 3 kms-1 is emission from the DR-21 Giant molecular 
cloud which occupies the same line of sight as the W75 cloud over a large region. DR- 
21 is thought to be immediately behind the W75 cloud, the two possibly in collision 
(Dickel, Dickel & Wilson 1978), although Garden (1986) places DR-21 much further 
away, at 5 kpc. The DR-21 cloud is very large; emission at this velocity is present 
across the whole mapped area even though the main embedded heating sources are 
around 18 arcmin to the southwest.
Emission from W75N is centred at k^SR = +9.5 kms-1. At the present sensitivity 
(0.4 K  per 0.1-kms-1 channel) red-shifted material is detected out to ULSR = +35
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kms-1. A  very strong blue-sliifted wing merges with the -3 kms-1 component long 
before reaching T* = 0 K and it is not possible to say how far the blue wing of 
the W75N J=l-0 line extends into the DR-21 contamination. The low-velocity line 
‘core’ (which is essentially emission from the ambient cloud) is affected by two strong, 
narrow self-absorption features at V^SR = +8.5 and V^SR = +10.0 kms-1, or -1.0 and 
+0.5 kms-1 from the cloud rest velocity. Such features, which are common in 12CO 
emission lines from Galactic sources, are caused by large columns of overlying cool 
material (Loren et al. 1981). There thus appears to be two such components, one 
slightly red-shifted, perhaps still moving inward towards the cloud core as a vestige of 
the original cloud collapse, and one outward towards the observer. The blue-shifted 
absorption component may be related to the signs of expansion in CS observations 
(§3.4.1.1) and caused by the energy input of the high-velocity flow. The weak J=l-0 
line at V^SR = — 22 kms-1 is an unrelated, probably diffuse cloud along the line of 
sight.
12CO (J = 2-l) follows the general features of the J=l-0 line except that the W75N 
blue wing falls less steeply and appears to merge smoothly with the DR-21 component. 
Both the VLSR = — 22 kms-1 and DR-21 components appear to be relatively weak, 
with respect to the emission from W75N, when compared to the corresponding J = l-0 
lines. This is consistent with emission from low-temperature gas, far from any heating 
sources. The self-absorption lines are still present, but have merged, perhaps due to 
the lower velocity resolution of the J=2-l observations.
The 13CO (J=l-0) central line profile has extremely low noise, and shows a central 
cloud component clear of self-reversal. The red-sliifted wing is detected out to VhSK = 
+20 kms-1 but once again the blue wing is considerably stronger and does not fall 
to zero before merging with the DR-21 emission. This profile shows that a separate 
feature may be present at VLSR ~ — 1 kms-1, appearing as a shoulder on the DR-21 
line and contributing to the strong emission on the blue side of W75N. In fact the 
expected narrow -3 kms-1 line seems to sit upon a wide emission pedestal, possibly 
indicating significant turbulent motion within the background cloud. Beyond the DR- 
21 component, emission appears to continue at the ~ 0.15 K  level out to about I^SR = 
-8 kms-1. This may be the continuation of the blue wing of the W75N line which 
would then extend to -17 kms-1 from the cloud rest velocity, compared to ~ 10 kms-1 
for the red-shifted wing. Blue wing emission clearly belonging to W75N can be followed 
to ~ 1 kms-1. The 13CO (J=2-l) line, as for the 12CO profile, has a relatively
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weak DR-21 component. Compared to the J=l-0 line, the signal-to-noise ratio in the 
wings is rather poor and the red line wing is not significantly detected beyond +16 
kms-1. The blue wing, however, is very strong in this transition. The evidently large 
column density of blue-shifted gas suggests again that motion in the blue outflow is 
close to the line of sight. The very strong blue wing can also be seen in the C 180 
(J=l—0) line where the profile is still clearly asymmetric. Even in this rare isotopic 
transition, the DR-21 cloud is marginally detected at around T* = 0.2 K.
3.4.4 12CO &: 13C O  Outflow Morphology
In comparison with the ~ 1-arcmin resolution CO (J = l-0) map made of the W75N 
molecular outflow by F85 (Fig. 3.9), the 15-arcsec resolution of the present observations 
reveal a much more localised high-velocity flow with a large, well-collimated red-shifted 
lobe extending towards the southwest and compact blue-shifted emission concentrated 
near the central position. The spatial origin of the outflow is also much more easily 
identified and occurs close to the compact HII region and OH maser source HII(B) (see 
Chapter 2). Since it is also the dominant heating source (Chapter 5) and the most 
deeply embedded object in the region (Chapter 6), HII(B) is the most likely physical 
source of the outflow.
Although the integrated line-wing maps of Fig. 3.12 show well-separated red- 
and blue-shifted lobes, it is clear that the outflow in W75N does not have a simple 
bipolar structure. A  secondary spur attached to the main red-shifted lobe appears 
coincident with the large, dense, CS-traced condensation to the southwest of the main 
cloud core. The possibility that this spur of fast-moving gas is caused by the division of 
the larger flow after an interaction with the dense clump is supported by the detection 
of near-infrared H 2 lines on its northern edge, suggesting shocked gas at the interface 
(T.J.T. Moore, unpublished data). An alternative explanation would be that, since 
there is some blue-shifted emission to the northwest of the CS clump, a second, smaller 
bipolar outflow may be operating from a source within the clump itself. However, tills 
is made less plausible by the lack of any continuum source within the CS condensation 
(Chapters 4 & 5). In addition, the blue-shifted emission is somewhat diffuse and is 
most likely associated with the expanding shell of swept-up gas around this flow, as 
seen in CS.
The main red-shifted outflow lobe is approximately 100 X 50 arcsec (1.0 X 0.5 pc) 
in extent and contains material with projected velocities up to at least +15 kms-1
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from the cloud rest velocity (at the present 3cr detection limit of T* = 0.6K). There 
is no corresponding, oppositely-directed blue outflow lobe with similar dimensions. 
Localised high-velocity material is present in the opposite direction to the main red 
flow, but it is also red-shifted (at +2 to +3 kms-1). Most of the blue-shifted material 
is concentrated in a small region near to the central position and, remaining virtually 
unchanging at all velocities (Fig. 3.13), is probably moving close to the line of sight. To 
a large extent, the blue-shifted emission and the northeastern red outflow are coincident 
on the plane of the sky.
Superimposed red and blue emission has been seen in other CO outflows (e.g. 
B335, Hirano et al. 1988) and is conventionally interpreted as due to flows with lon­
gitudinal axes orientated close to the plane of the sky and with significantly large 
opening angles. The expected emission from such objects has been modelled by Cabrit 
& Bertout (1986). However, if the blue- and red-shifted material observed here are part 
of a single outflow lobe, the opening angle must be very large (> 100°) perpendicular to 
the plane of the sky while remaining quite small (~ 20° to 30°) in the complementary 
direction. If the observed opening angle were similar to that along the line of sight, 
then the inclination of the outflow axis would need to be very small and the true CO 
velocities extremely high (approximately ten times those observed). In such a case, 
however, one would expect to see an extended morphology and lower column density 
(§3.4.5.1) in the blue-shifted flow. Instead, it is possible that there are in fact three 
separate major outflow lobes which originate close to the source, plus a subsidiary 
minor lobe forming the southwest spur.
The multi-polar outflow model is reminiscent of that used by Barral et al. (1982) 
to explain observations of N G C  6302, in which the outflow may begin as either bipolar 
or isotropic close to the central source, but further out the structure becomes dom­
inated by interactions with an inliomogeneous cloud core, finding its way out along 
the steepest density gradients and becoming multi-lobed in the process. In this model 
there is no role for a large interstellar (> 0.1 pc) disk in the collimation of the outflow, 
and any collimation induced on smaller scales by the circumstellar material may be 
lost. However, supersonic outflows can remain or become well-collimated through de 
Lavall funnelling via a density gradient in the ambient medium (Konigl 1982) or by 
simple gravitational or pressure confinement.
In the 13CO (J=l-0) emission, integrated over all velocities, a large ridge is seen 
(Fig. 3.14) extending from near the central source position towards the south.
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Since this feature does not appear in 13CO (J=2-l) (Fig. 3.16), it is not clear whether 
it is a real physical feature or an artifact. ‘Scanning effects’ can easily occur in maps 
made up of linear scans, if the calibration or sky opacity change momentarily during 
one raster. However, the 13C0 maps are made up of both vertical and horizontal scans 
and careful examination of the raw data has revealed no strong evidence of such a 
problem. Some circumstantial evidence exists that the feature is real, however. In 
the integrated CS (J=7-6) map (Fig. 3.9), although the noise levels are high, there 
appears to be strong emission in the same region. This would indicate very warm 
dense material exists here and the 13C0 ridge may thus be part of the compressed 
boundary between the blue-shifted outflow and the surrounding cloud. The 13CO 
(J=2-l) transition may have a significant optical depth in this region and not probe 
the deeper structure. Further observations are necessary to investigate this matter.
Even though the lower velocity contours are strongest at the edges of the outflow, 
the main red lobe shows no sign of a shell-like density cross-section used to model 
bipolar flows by, for example, Kaifu (1985) and (Snell & Schloerb 1985). At higher 
velocities, the strongest emission occurs in the centre of the outflow channel, suggest­
ing a filled structure within the fast-moving gas. Similarly, new observations of L1551 
have shown that large amounts of molecular material in fact exist in what were ap­
parent cavities, which may have appeared because of saturation effects in the 12CO 
observations (C.V.M. Fridlund personal communication). The velocity-channel maps 
in Fig. 3.13 show that the emission peak shifts away from the source along the flow 
with increasing velocity. This is frequently the case in CO outflows (A similar velocity 
structure was found in the single-lobed outflow in N G C  2024 by Richer et al. 1989) 
and may be indicative of continuous acceleration of the material in the main body of 
the outflow (e.g. by nozzle effects induced by the surrounding density gradient). On 
the other hand, the apparent acceleration may merely represent the history of a flow 
in which the earliest periods of mass loss were the most energetic.
At small red-shifted velocities (+2 to +4 kms-1), strong CO emission begins to 
appear along the edges of the main southwestern flow channel; at first close to the 
southwestern CS condensation, which delineates the southern edge, and then along 
the northern edge as well with a definite cavity in the region between. As velocities 
increase, the strongest emission slips along the northern limb of the outflow channel 
and begins to move into the channel itself, occupying it fully by about +8 kms-1. 
This velocity structure was also observed in CS and indicates a slow-moving shell of
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material around a much faster and less dense central flow. It appears, therefore, either 
that the fast flow is in the process of breaking off and accelerating many dense clumps 
of material from the ambient cloud, which are then gradually disrupted and move into 
the main flow, or that the flow has a shell of compressed gas around it which has 
acquired a significant component of momentum in the flow direction.
Similarly, the northeastern red lobe shows evidence of a limb-brightened shell 
structure at lower velocities (VLSR = +12 to +13 kms"1) in the J = l-0  transition, while 
emission from faster moving material in this flow is present out to at least VLSR = +25 
kms“1 occupying the central area of the flow channel.
3 .4 .5  C O  R a d ia t iv e  T r a n sfe r  A n a ly s is
3 .4 .5 .1  12C O  a n d  13C O : T h e  O u t f lo w
The analysis of the emission from the high-velocity gas in the CO outflow lobes has 
been done under LTE assumptions. Such an approach is the general rule in CO obser­
vational studies since the low dipole moment and the consequently low critical density 
(n(H2) — 2 x 103 m“3 for 12CO J = l-0 )  mean that that thermalisation of the lower 
rotational levels is easily achieved at the densities prevalent in all molecular clouds 
(n(H2) > 109 m“3). Although LVG analysis might at first seem more appropriate in 
the fast-moving gas, ubiquitously high opacities observed even in high-velocity 12CO 
(e.g. Plambeck, Snell &: Loren 1983; Margulis & Lada 1985) mean that the LVG 
assumptions of radiative decoupling are not generally satisfied.
It is important to try to use low optical depth transitions in calculating values of 
the excitation temperature to minimise distortions that may be caused by line-of-sight 
temperature gradients (see Canto et. al. 1987). For example, if the optical depth in 
the lines employed is significant, an inwardly decreasing temperature variation can 
depress the ratio T * (2 -l) /T * (l-0 ) . This occurs because the opacity of the J—1-0 line 
is generally smaller then that of J = 2 - l and the former will probe deeper regions with 
higher temperatures. Unfortunately, this effect cannot be securely guarded against 
when using 12CO and 13CO to calculate optical depth, since the 12CO line will be 
optically thick out to quite high velocities in the wings. However, the presence of 
spatial variations in Tex across an outflow may help betray any significant line-of-sight 
gradients.
In the inner wings of the line (VLSR =  7 — 14 and 14 — 20 kms“1), both transitions
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of 12CO and 13C0 were detected. By integrating the antenna temperatures in these 
velocity intervals, mean optical depths of 13C0 J = 2 - l (721) and J = l-0  (no) were 
calculated at each position using the appropriate version of Equation 3.1:
T* (12C 0) _  1 -  e~Rr
T* (13C 0) “  1 -  e~T '
where R =  r (12C O )/r(13CO) is the relative isotopic abundance n(12C O )/n(13CO). 
The Solar System value of R  is 89, but values as low as ~  40 have been employed 
(Dickman 1978). However, the derived value of r is not sensitive to R  when T *(12CO)
4- T *(13CO) -C R (i.e. where r > 3). This common method of calculating r assumes 
that the same excitation temperature is appropriate for both 12CO and 13COand this 
may be a source of error, since high 12CO optical depths and consequent radiative 
trapping may have a significant effect on the level populations in the majority isotope. 
In addition, as mentioned above, the derived values may be affected by temperature 
gradients along the line of sight.
In using the above equation and in converting later from 13CO to H2 column 
densities, a conservative isotopic abundance of 50 was adopted, bearing in mind the 
possibility that the 13CO abundance may have been enhanced by fractionation effects 
in the original undisturbed cloud (see the discussion by Van Dishoeck & Black 1988). 
The choice of this factor and that of the 12CO abundance relative to molecular hydro­
gen introduce approximately a factor of two uncertainty in the final values of mass, 
momentum and energy in the outflow.
13CO (J = l-0 ) optical depths in the 1-7 kms-1 range in the vicinity of the blue 
outflow are found to be generally between 0.1 and 0.25, indicating 12CO (J = l-0 )  
optical depths in this velocity interval between about, 5 and 15. These are similar 
values to those obtained in the inner 12CO wings of a number of similar sources by 
Margulis & Lada (1985). The signal-to-noise levels in the red-shifted line wing (14-20 
kms-1 ) are considerably lower than in the blue wing and so the derived optical depths 
are less reliable. In general, however, values of r10 are between 0.05 and 0.1 in the 
main red lobes. In these regions, the 12CO line may be only marginally optically thick 
(r ~  3 — 5).
Although noise levels in the J-2-1 transitions were too high to derive the excitation 
temperature as a function of position from the ratio of optical depths (Equation 3.2),
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Tex was obtainable direct from the 13CO (J = l-0 ) line antenna temperature and the 
optical depth, via the definition of line brightness temperature Tb (Appendix A):
h v/k
(3.8)
In [1 +  (1 -  e~T)hv/ kTb]
where Tb is T*/r/cr]fss ~  T */0.4, for J = l-0 . In this way, a velocity-averaged Tex was 
calculated at each position and the results are displayed in Figs. 3.18 and 3.19. The 
very large column density peak near the origin in the map of blue-shifted material is 
consistent with the conclusion that the major blue flow lobe axis is orientated close to
region in both red and blue line wings, the spatial distribution of Tex closely follows 
that of T*. Values range from 6K to 16K in both major flow lobes, and are higher 
towards the central regions of each component. The derived temperatures are a factor 
of two lower than the arbitrary 25K adopted by F85, and a factor of three less than 
the central cloud core dust temperature (30K: Chapter 4). Snell et al. (1984) also find 
that Tex in the high-velocity gas of similar sources was less than or roughly equal to 
that of the nearby undisturbed molecular gas. This suggests that the observed CO lies 
away from the accelerating shocks (presumably at the cloud-flow boundary).
The above method of obtaining Tex assumes a. beam filling factor of unity every­
where (see §3.4.2). By integrating over position as well as velocity, it was found that 
the ratio T2i / t 10 in the flow regions varied generally between 1 and 2.5. Such values 
imply Tex between 6Iv and 20K for both line wings, in good agreement with the values 
derived from the antenna temperatures. This indicates that the beam filling factor is 
actually quite high and that the molecular gas is not significantly clumped in the out­
flows at these velocities. For the reasons mentioned above, line-of-sight temperature 
gradients can affect the derived filling factor (Canto et al. 19S7), but an artificially 
increased value requires a gradient which is decreasing into the cloud or flow lobe. The 
spatial variations observed (Fig. 3.18) show higher Tex in the central regions of the 
flow, hence any resulting distortion ought to favour low derived filling factors.
With the mean Tex calculated in the same velocity ranges as r, the beam-averaged 
column density N(13CO) was calculated at each position from T*(V) (J = l-0 ) , r±0 and 
Tex in each l-kms_1 velocity channel using
the line of sight. Since the line optical depths appear to change very slowly across the
N(13CO) = 2.4 X 1018(1  _  e - 5 .2 8 / T „ ) (3.9)
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Summing the results over the approximate areas of the separate flow lobes and over 
velocity, the values for the mass, momentum and kinetic energy were calculated from 
the moments
m  = E  N(y)> p = E  N(y)F> E = \ E  N(^)y2
V  V  1 V
and the results are listed in Table 3.2. The momentum and energy values derived 
in this way are lower limits to the true figures since the inclination of the outflow 
direction is not taken into accotmt. The mass is also a lower limit because there may 
be significant amounts of slow-moving gas (or gas whose projected velocity is low) 
overlapping the ambient cloud emission component. The abundance of 12CO relative 
to H2 was taken as 6 x 10-5 (IGH) and the ratio of total gas mass to that of hydrogen 
was assumed to be 1.36 (Hildebrand 1983).
In the outer part of the red-sliifted line wing (i.e. beyond FLSR =  20 kms-1 ) 13CO 
was not detected. It was therefore necessary to calculate column densities from the 
12CO line intensities without knowing the precise optical depth or excitation tempera­
ture at these velocities. In order to do this it was assumed that the values of Tex in the 
HLSr = 14 — 20 kms-1 range would approximate sufficiently well to the temperatures in 
the faster-moving gas and that the optical depths would be small. Low optical depths 
(rio < 3) are suggested by the values found in the inner wing. The resulting error is 
in any case small, since this velocity range does not contribute a significant fraction 
of the total mass (~  0.4%), momentum (~  1%) energy (~  3%) in the red-shifted gas. 
The strong emission at V̂ SR — —3 kms-1 from the DR-21 cloud contaminates the 
high-velocity blue-shifted line wing and it is impossible to estimate with accuracy the 
true W75N contribution beyond VhSR =  +1 kms-1 . However, the latter point suggests 
that the mass, momentum and energy calculated in the VrLSR = 1 — 7 kms-1 range do 
not seriously underestimate the totals in the blue-shifted gas.
The total mass of gas in the outflow is found to be ~  100 M0 . This can be 
compared to the figure of 130 M0 obtained by F85 using somewhat cruder methods 
and a factor of two higher excitation temperature. The total momentum and energy 
are found to be smaller than the previous results because of the adoption of a mass- 
weighted mean flow velocity (§3.4.6).
The red-shifted outflow components can be traced morphologically from about 








Figure 3.17: C180  T *(J = l-0 ) in the central area, integrated between VLSR =  4 and 15 
kms-1 . Contours are at intervals of 0.5 from 2 K.kms-1 .
Table 3.2: Mass, Momentum and Energy in the high-velocity outflow
V l s r  /km s-1 Component Mass /  M0 Momentum /kg.kms 1 Energy /J
1-7 Blue 31.9 2.7 x  1035 6.3 X 1038
12-14 Main Red 28.8 2.0 x  1035 3.5 X 1038
N.E. Red 11.3 7.5 X 1034 1.3 X 1038
Red Spur 1.9 1.3 X 1034 2.1 X 1037
14-20 Main Red 20.2 2.6 X 1035 8.6 x  1038
N.E. Red 5.3 6.8 X 1034 2.3 x  1038
Red Spur 1.8 2.4 X 1034 8.5 x  1037
20-30 Main Red 0.3 8 .8  X 1033 6.0 x 1037
N.E. Red 0.1 2.8 X 1033 2.0 X 1037
Red Spur 0 7.4 X 1032 4.2 X 1036
Totals Blue 31.9 2.7 X 1035 6.3 X 1038
Main Red 49.3 4.7 x  1035 1.3 x  1039
N.E. Red 16.7 1.5 X 1035 3.8 x  1038
Red Spur 3.7 3.8 x  1034 1.1 X 1038
Grand Total 101.6 9.3 x  1035 2.4 x  1039
R.A. o f f s e t  ( a r c s e c )
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R.A. offset (a rcsec)
Figure 3.18: T ex distribution in the 13C 0 line wings: (a)V LSR =  l - 7 k m s  F Contours 
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R.A. offset (arcsec)
Figure 3.18: Tex distribution in the 13CO line wings: (b) VLSR =  14 — 20 kms 
Contours are at intervals of 2K from 4K.
R.A. offset (arcsec)
Figure 3.19: (a) Velocity-dependent N(13CO) distribution for VLSR =  1 - 7  kms V 













Figure 3.19: (b) Velocity-dependent N(13CO) distribution for VLSR =  1 4 - 2 0  kms 1. 
Contours at (3, 6, 12, 18, 24,....) xlO 18 m-2 .
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(J = l—0) self-absorption and the velocity extent of the emission component from the 
ambient cloud (as determined by the CS line widths: Fig. 3.1) end. However, the 12CO 
(J= 2 -l) self-absorption features affect the line out to yLSR ~  14 kms“1. Therefore, in 
the region 12 -  14 kms“1 which contains a significant fraction of the outflow mass, r 
and Tex can only be calculated for the J = l-0  transition.
3 .4 .5 .2 C l s O : T h e  C o r e
The map of integrated C180  (J = l-0 )  emission (Fig. 3.17) shows for the first time 
the true structure of the dense inner regions of the W75N core, since this is the first 
set of observations in reliably optically thin transition. The most obviously striking 
feature of the integrated T* map is that there are two major column density peaks. 
The western maximum corresponds to the peak position in CS (J = l-0 )  and (J = 2 -l)  
(Figs 3.4 Sz 3.5) and in the submillimetre continuum (Chapter 4) as well as to the 
probable dominant luminosity and outflow source, HII(B). The second condensation, 
whose integrated C180  strength in a 15-arcsec beam (5 .8± 0 .2  K.kms“1) is comparable 
to that of the ‘central’ source (6.1 ± 0 .2  K.kms“1), appears a.bout 40 arcsec to the west 
and 10 arcsec south of the latter. It is not explicitly observed in any other line or 
in the continuum, although a ridge to the east of the main CS peak (Figs 3.4 Sz 3.5) 
may be associated, as may be a small extension in the same direction in the 350-/im 
continuum (Chapter 4).
The nearest known continuum source is the near-infrared object IRS-3 (Chapter
2) which is about 10 arcsec to the south. This is unlikely to be a heating source 
within the clump, however, since it is the least reddened of the major 2-/im objects 
in the region. Mid-infrared observations (Chapter 5) only detected faint emission at 
the position of IRS-3 at 10 /¿m and its spectrum appears to fall rapidly to longer 
wavelengths. The interesting possibility remains that this clump is as massive and 
dense as as that containing the dominant luminosity source (see below), but is without 
a central star and therefore may be a very unevolved protostellar core.
The double isotope ratio 13C 0 /C 180  is somewhat uncertain. The value found in 
dark clouds is close to the terrestrial figure of 5.5 (Dickman, McCutcheon Sz Shuter 
1979) but the ratio in Giant Molecular Clouds is found to be a factor 2-4 higher (Taylor 
& Dickman 1989). Other studies show values in the region of 10 in large star-forming 
regions (Lis Sz Goldsmith 1989; Penzias 1981; Pcnzias 1983) but Taylor and Dickman 
suggest that the true value is between 4 and 6 in all sources and that the derived
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column density ratios are distorted in GMCs by the effects of turbulent clumping on 
beam-filling factor for the different isotopes. Since the latter postulation is still some­
what speculative and the effects of fractionation in enhancing 13CO and of selective 
photoionisation in reducing C180  are unquantified in a large cloud containing multiple 
ionising sources, we adopt a 13C 0 /C 180  abundance ratio of 10. This is consistent with 
the observed integrated T* ratio (10 ±  1) in the -3kms_1 DR-21 emission component. 
The integrated T* ratio of 6.3 ±  0.2 in the western peak (Fig. 3.17) gives an optical 
depth of 0.11 ±  0.01 (from equation 3.1). The corresponding 13CO (J = l-0 )  emission 
optical depth is 1.1 and the J = 2 - l transition must therefore be considerably optically 
thick (r ~  3). This is contrary to the common assumption that 13CO is reliably opti­
cally thin everywhere. C180 , therefore, is the only molecular transition so far observed 
in W75N which probes the true column density structure in the core. The noise levels 
obtained in C180  (J = l-0 )  (A T* =  0.13 K, rms, per 0.1 kms-1 channel) are, however, 
insufficient to provide information on the velocity structure in the central core.
Under the assumption of LTE, and where r <C 1, the beam-averaged column 
density of C180  is given by
— 2 42 X 1018 f  1
Nci8° -  (,-,-5,3/T ^ J  ^ )
Taking Tex =  30K in the core material and r? = r}jss =  0.4, we obtain Nqiso =  2 .3x1020 
m-2 and 2.2 x 1020 m-2 for the column density towards the western and eastern peaks, 
respectively. With a relative abundance of C180  to H2 of A'(C180 ) ~  1.2 X 10“ ' 
the corresponding H2 column density values are 1.8 x 1027 m~2 and 1.9 x 102' m-2 . 
Summing over the area covered by Fig. 3.17 we find a total gas mass of approximately 
1,000 M q .  This is a little lower than the mass derived from the 350-/rm continuum 
observations of Chapter 4, which cover a similar area but is within the combined 
uncertainties in both values. This total mass seems to divide equally between the two 
C180  emission centres which have approximately 350 and 330 M q  in a 30 X 30 arcsec 
area around each peak, the remaining mass being made up of more diffuse surrounding 
material.
Using the ratio of integrated optical 13CO and C180  emission between VLSR =  
7kms-1 and 12kms_1, the velocity-averaged C180  optical depth was calculated at each 
point observed in C180  (Fig. 3.20). It was then possible to estimate the excitation 
temperature variation from T* and r as was done for the CO line wings (§3.4.5.1;
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Equation 3.8). The results are shown in Fig. 3.21. It can be seen that T ex falls 
towards the edges of the map (i.e. away from the heat sources) where it has values of 
10K -  15K.
The most immediately obvious feature in the Tex map is the small area of very 
high values ~  30 arcsec to the southeast of the central position. This is specifically 
caused by the strong ridge in the 13CO map (Fig. 3.13) coinciding with weak C180  
emission. Since the antenna temperature ratio is large, the derived optical depth is very 
small in this area and this in turn produces very large estimates of Tex. Since it is not 
clear whether the 13CO ridge is real or an artifact it is not certain either that the Tex 
peak is genuine. However, the area of high temperatures is virtually coincident with 
the large infrared reflection nebula which is associated with the blue-sliifted outflow 
lobe (Chapter 6). If the 13CO ridge were real then the high Tex values may reflect 
high kinetic temperatures arising in shocked gas at the flow boundary. The lack of 
a corresponding rise in C180  antenna temperature is difficult to explain unless a UV 
field were present, selectively plioto-dissociating C180  (predicted by van Dislioeck & 
Black 1988), but such an explanation should wait for confirmatory 13CO observations.
3 .4 .6  T h e  I n te r a c t io n  o f  th e  C S C o re  a n d  th e  C O  O u tflo w
The mass-weighted mean velocity in the CO outflow is < V > .=  (total mass) -4- (total 
momentum) =  4.6 kms-1 . Since the maximum detected flow velocity (in 12CO J = l-0 )  
is ~  20 kms-1 , this shows that the great majority of the flowing material is moving 
relatively slowly. This can also be seen in Table 3.1, which shows more mass in the 
VLSR = 12 — 14 kms-1 interval than in all the rest of the red-shifted flow. The length 
scale <L> of the outflow, as estimated from the main red-shifted lobe, is ~  0.5 pc. 
Therefore the characteristic timescale rnow is <L> 4- < V > ~  1 x 105 yr. This is 
considerably longer than the estimate of F85 (2.3 X 104 yr), mainly because of their 
assumption that the maximum detected velocity (21 kms-1 ) characterises the outflow. 
105 yr is quite long compared to other similar flows (e.g. Snell et al. 1984) which may 
mean that the W75N outflow is in a well-advanced evolutionary state.
An estimate of the gravitational binding force in the whole cloud core can be 
obtained assuming a Gaussian density distribution (see Chapter 4 and Appendix B). 
In this case, a core mass of 2000 Mq and an approximate effective central stellar mass 
of 200 M q  implies a binding force of around 3 X 1024 N (taking a half-power size of 
0.4 pc for the core). The mean rate of momentum deposition by the outflow into the
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4 0  2 0  0 - 2 0
R.A. o f f s e t  ( a r c s e c )
Figure 3.20: Tiq distribution for integrated C180  (J = l-0 ). Contour levels are at 
intervals of 0.2 from 0.2.
R.A. o f f s e t  ( a r c s e c )
Figure 3.21: T ex d istr ib u tion  for in tegra ted  C 180  ( J = l - 0 ) .  C on tou r lev e ls  are a t 15, 
20, 25, 50 and 75K .
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ambient cloud is given by (total momentum)/rn„w = 2.7 X 1023 N. This is at least 
an order of magnitude smaller force than that binding the cloud. Therefore, if the 
outflow is initially isotropic or nearly so soon after leaving the source, then the cloud 
core can easily contain the outflow and provide a mechanism for collimating, or re- 
collimating, it on a large scale without the action of any large regular structure such as 
a dense toroid. There is some morphological that the outflow is at least semi-isotropic 
before interacting with the ambient cloud, since the flow appears to have a large cross- 
section very soon after leaving the source. Hence, even if the driving wind (or other 
driving mechanism) is intrinsically bipolar or if significant collimation is induced by 
circumstellar material close to the star, it must acquire a very large opening angle, 
as if expanding freely, immediately after leaving the environs of the source. Also, the 
outflow is obviously not classically bipolar and appears to have multiple lobes emerging 
over a large range of angles, which is suggestive of an initially spherical flow finding 
its way out along the steepest gradients in an inhomogeneous density distribution. 
Konigl (1982) modelled flow propagation in this situation and found that strongly 
directed supersonic jets could form through a de Lavall acceleration mechanism, even 
in a mass-conserving outflow.
The important point to note is that W75N possesses a highly collimated outflow 
(with special reference to the main red-shifted component) arising without the action 
of any large interstellar disk or toroid of similar scale. The collimation appears to arise 
naturally through confinement by the ambient cloud. Interstellar disks are therefore 
not necessary to the formation of collimated bipolar outflows and are unlikely to be 
dynamically active structures. Small-scale disks, on the other hand, may play an 
important role in determining the initial state of the outflow or the driving wind.
Since the detection of near-infrared H2 line emission along the northern edge of the 
large southwestern CS clump (Fig. 3.4) suggests that a dramatic interaction with the 
CO outflow is causing the latter to bifurcate and form a secondary outflow spur, it is 
worth examining the ability of the clump to remain integrated in such a situation. From 
the CS maps of Figs 3.4 and 3.5, the clump appears in the velocity range V̂ SR =  7 —12 
kms-1 . The line widths in this region are therefore no greater than in the bulk of 
the CS core and so no high speed mass motions have been induced in the clump by 
the impacting material. Integrating T* over this velocity interval and over the spatial 
extent of the clump, a mass estimate of ~  300 Mg is obtained (assuming Tex =  20K 
and r10(13CO) =  2); this indicates a binding force of ~  2 X 1023 N. The force imposed
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by the impinging flow is difficult to quantify, since the fraction of the flow that might 
be intercepted by the clump is uncertain. However, making a conservative estimate of 
1/5  for this fraction, the force imposed may be up to ~  3 X 1022 N. It therefore seems 
that, unless the outflow inclination to the plane of the sky is less than about 10°, the 
clump is quite capable of remaining intact under such an interaction and of forcing the 
high-velocity gas to flow around it. The corresponding momentum in the impinging 
flow is approximately 1 X 1035 kg.ms-1 (50 Mghms-1 ) and the apparent ‘turbulent’ 
momentum in the clump is ~  9 X 1032 kg.ms-1 (0.45 M^kms-1 ). It is therefore clear 
that very little momentum transfer is taking place and the flow must be striking at a 
shallow angle and is deflected (by pressure in a heated layer at the interface) rather 
than driving into the clump. This may also explain why no significant radial bulk 
motion has been induced in the bound clump.
3.5 C onclusions
High spatial resolution observations of CO show that the large outflow in W75N is 
quite highly collimated. The velocity-dependant morphology of the outflow suggests 
that it may be multi-lobed or highly asymmetric. The outflow structure consists of 
dense, slow-moving material in a shell surrounding more diffuse high-velocity gas in the 
central flow channels. The total mass of flowing gas is ~  100 Mq . The CO excitation 
temperatures are somewhat higher in the central flow regions than at the edges but 
are compa.ra.ble to the temperatures in the ambient gas (~  15K). The force due to 
the impact of the outflow is not sufficient to overcome the gravitational binding force 
in the cloud core. The dense core may thus be entirely responsible for the large-scale 
collimation of the flow on scales > 0.1 pc and the structure and dynamics of the outflow 
are dominated by density inhomogeneities in the cloud.
A large (~  2000 M0 ) dense core was detected in CS emission. The core is gravi- 
tationally bound and there are signs of both coherent expansion and contraction in the 
self-absorption features in the 12CO lines. The distribution of J = l-0  emission from the 
rare isotope C180  in the central regions shows that there are two massive cores. The 
western condensation corresponds to the submillimetre continuum peak and the prob­
able source of the outflow. The eastern core is previously undiscovered and, having no 
associated continuum source, may be a very young protostellar condensation.
A red-shifted spur appears to break from the larger red-shifted flow lobe at a
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position where the flow interacts with a large CS-traced clump of dense material. The 
mass in the clump is sufficient to have withstood disruption during the lifetime of the 
flow and appears to have caused the outflow to split and diverge.
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C h a p te r  4
S u b m i l l i m e t r e  C o n t i n u u m  O b s e r v a t i o n s  o f  
A F G L  2 5 9 1  a n d  W 7 5 N
The com plex radiative transfer and a priori assumptions o f m olecular abundances 
caused qu ite  large uncerta inties in the CS line analysis o f the W 75N dense core. Obser­
vations were therefore made, at s im ila r spatial resolution, o f the therm al emission from  
cool dust at subm illim etre  wavelengths, where the radiation is a lm ost guaranteed to  be 
op tica lly  th in  and the emission mechanism is simple. In order to  check the re lia b ility  o f 
the m ass-tracing properties o f CS, a com parative  study was done o f AFGL 2591 in which 
m olecular line data appeared to  show an elongated structure  suggesting the type  o f large 
in terste lla r disk evidently missing in W 75N .
The observations contained in the fo llow ing  chapter were made during P A T T  a lloca­
tion U /L /1 7  and are part o f a co llabora tion  w ith  C .M . M ounta in and T . Yam ashita.
Sum m ary
350-^ m , 800-^ m  and llOO-pun con tin u u m  observations have been  m ade (w ith  angular  
reso lu tions o f  b etw een  20 arcsec and 1 arcm in) around the b ipolar m olecu lar  ou tflow  
sources A F G L  2591 and W 75N . T he cloud cores, as traced by em ission  from  co o l ( ~  30 
K) d u st, are sp a tia lly  resolved  in  b o th  cases but show  lit t le  p h ysica l stru ctu re  w hich  
can b e con v in cin g ly  related  to  th e  m olecular outflow s. T h e A F G L  2591 c loud  core 
is found to  b e app rox im ately  0 .25p c by O .lpc in  size and con ta in s 300 to  500  M g  o f  
m ateria l. T h e  m ean  space d en sity  in  th e  central regions is a t least 4 .7  X 10u  m - 3 . 
T he ca lcu la ted  m ass is probably  not sufficient to  provide large-sca le  con fin em en t and  
collim ation , even  i f  th e  outflow  w ere in it ia lly  iso trop ic , and other ev id en ce su g g ests  th at 
sign ificant co llim ation  occurs on m uch sm aller sca les. Since th e  observed  m orp h ology  
o f th is core appears to  depend on  w hich  em ission  m ech an ism  is used  to  tra ce  gas
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colum n d en sity , care m ay be necessary  w hen in terpreting  large, e lon gated  structures  
in other sources as in terste llar  d isks.
In W 7 5 N , an ex ten d ed , rou gh ly  sym m etrica l cloud core is found , in  w hich  the  
dom inant h ea tin g  source is th e  OH m aser and com pact HII region H II(B ). E ither a 
single-com ponent or a d u a l-com p on en t m od el o f  th e  dust tem perature can  sa tisfactor ily  
account for th e  observed  su b m illim etre  em ission . T h ese tw o m od els pred ict a  cloud  
core m ass in  th e  region o f 1800 to  2500 Mq and an average d en sity  o f  (4.5 — 6.0) X 1011 
m -3 . T h e large derived m asses are con sisten t w ith  a region h ea ted  b y  a c lu ster o f  
em bedded you n g  sources. T h ere  is no ev id en ce in  the observations o f  any >  0.2 pc 
sized disk stru ctu re surrounding th e  ou tflow  source in  W 75N . T h e  m ass in  th e  large  
cloud core is found  to  provide sufficient grav ita tio n a l force to  confine and co llim a te  the  
CO outflow  on  large sca les. A  s in g le  su b m illim etre  grain em issiv ity  la w , p roportional 
to A- 2 , is co n sisten t w ith  th e  ob servation s.
4.1 Introduction
P ast stu d ies in  m olecu lar lines h ave reported  ob servations o f large ( ~  0 .1 -p c ), p ossib ly  
rotatin g , dense in terste llar  disks or toroids around bipolar outflow  sources (e .g . Ivaifu  
et al. 1984; H asegaw a et al. 1984; Torrelles et al. 1984; L ittle  et al. 1985; Jackson , 
Ho & H asckick  1988). H ow ever, th e  m orphologica l appearance o f th e  p u ta tiv e  disk  
structures is not a lw ays co n sisten t w hen observed  in  different m olecu les or tran sition s  
(see M oriarty-Schieven  et al. 1987). T h is ten d en cy  is probably in d ica tiv e  o f  com plex  
m olecular e x c ita tio n  or form ation  con d ition s. B y  con trast, con tin u u m  em ission  at 
subm illim etre w avelen gth s is com m on ly  accep ted  as a reliab le tracer o f d ust (an d  hence  
gas) colum n d en sity , since o p tica l d epths are generally  low  and th e  em ission  m echan ism  
is sim ple (H ildebrand 1983). T h e  follow ing  chapter therefore presents su b m illim etre  
continuum  m easu rem en ts o f  A F G L  2591 and W 7 5 N , w hich  are b o th  a t d istan ces o f  
about 2 kpc (D ick el, D ickel and  W ilso n  1978 and M errill &: Soifer 1 9 74), in  order to  
in vestigate  th e  cloud  core stru ctu re  around th ese  tw o  ou tflow  sources, w ith  reference  
to the ou tflow s th em selv es , and to  o b ta in  estim a tes  o f  th e  b asic  p h ysica l p aram eters  
for com parison  w ith  th e  e x is t in g  m olecu lar lin e  data .
A F G L  2591 is on e o f  th e  m o st w ell-stu d ied  g a la c tic  star-form ing reg ion s, first 
attractin g  a tten tio n  for its  B N -lik e  infrared spectrum  (M errill & Soifer 1 974). T he  
source also  show s large near-infrared p o larisa tion  fraction s, w ith  a  vector  p a ttern  th a t
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suggests sca tter in g  by d ust ab ove and b elow  a dense disk ly in g  perpendicu lar to  th e  
CO outflow  (H odapp 1984; Sato  et al. 1985). R ecent m apping observation s o f CS tran ­
sitions (Y a m a sh ita  et al. 1987) show  asym m etric  stru ctu res o f  dense m ateria l around  
A FG L 2591 on  scales o f  1 arcm in. T h e dense cloud core m ateria l traced  by CS ( J = l - 0 )  
was show n to  be elon gated  in  a n orth -sou th  direction; how ever, th e  h igher con tou rs o f  
CS ( J = 2 - l )  appeared  to  show  som e ex ten sio n  along a roughly ea st-w est ax is as w ell 
as signs o f  a v e lo c ity  grad ient in  th a t d irection . A  sim ilar v e lo c ity  grad ient w as pre­
viously  found by Takano et al. (19 8 6 ) in  low er reso lu tion  N H3 ob servation s. S ince th e  
only available observations o f  the ex ten siv e  CO ou tflow  from  A F G L  2591 are th e  ~  1 
arcmin reso lu tion  m ap o f L ada et al. (1984 ) w hich  do n ot reveal a  con v in cin g  ou tflow  
direction, it is d iflicult to  define an ex p ected  axis for any a ssocia ted  m olecu lar disk.
W 75N  is an ou tflow  and OH m aser source th a t has been rather less w ell stu d ied  
in the p ast. W yn n -W illia m s et al. (1974 ) d etected  a 10-pm  and 20-pm  con tin u u m  
source close to  th e  m ore ex ten d ed  northern HII region , H II(A ) (u sin g  the nom en cla tu re  
of H aschick et al. 1981), w h ile H arvey, C am p b ell & H offm an (19 7 8 ) found em ission  
betw een 53 /zm and 175 ¡am peak ing  around 30 arcsec further sou th , a p o sitio n  la ter  
discovered to  coincide w ith  a  com p act HII region  and m aser source H II(B ). A  sm all 
group o f reddened near-infrared sources w as found close to  H II(B ) in  C hapter 2 , a long  
w ith  exten d ed  m olecular hydrogen  em ission  p o ssib ly  a sso c ia ted  w ith  th e  CO ou tflow  
first stu d ied  by F ischer et al. (1 9 8 5 ). R ecent m easu rem en ts at m uch higher reso lu tion  
(C hapter 3) h ave revealed  th is flow  to  be stron g ly  co llim ated , but w ith  an irregular  
large-scale structure. A lso  in  C hapter 3, observation s o f  the liig h -d en sity  tracer CS 
showed a large cloud core surrounding all the m ajor sources. T h is core con ta in ed  no  
sign o f a large disk structure a ssoc ia ted  w ith  th e  CO flow , b u t w as ab le to  confine and  
collim ate th e  large-sca le  m olecu lar outflow . T h e  stru ctu re  o f  th e  ou tflow  appeared  to  
be determ ined p rincipally  by in teraction s w ith  th e  in h om ogen cou s d en sity  d istr ib u tion  
in the dense am bient gas.
2-fim  con tin u u m  p o la r isa tio n  ob servation s h a v e  been  m ade by Y a m a sh ita  et al. 
(1988), revealing  a  near-infrared reflection  n eb u la  around th e  em b ed d ed  o b jec ts . Follow - 
up h igh-reso lu tion  im agin g  p o larim etry  has a lso  been  done (C h ap ter  6), th e  p a ttern  o f  
polarisation  vectors in d ica tin g  an illu m in a tin g  source a sso c ia ted  w ith  H II(B ). p h o to ­
m etric analysis o f  the sca ttered  near-infrared lig h t in d ica tes considerab le am o u n ts o f  
hot dusty  m ateria l ex ists  very  close to  th e  illu m in a tin g  source.
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4.2 Observations and Results
The ob servation s w ere m ad e during 1987, July 14, 15 and 17, using  th e  3 .8 m  U .K . 
Infrared T elescop e (U K IR T ) in  H aw aii, w ith  the 3H e-cooled, sin gle-elem en t b o lom eter  
system  U K T 1 4 . A  21-m m  aperture at 350-pm  gave a 20-arcsec beam  on  th e  sky  and  
at 1100-p m  a 65 m m  aperture gave ap p rox im ately  1-arcm in reso lu tion . A n  ea st-w est  
chopper th row  o f  150 arcsec w as used  and a  p o in tin g  accuracy o f  ~  3 arcsec rm s w as  
m aintained  th rou gh ou t th e  observation s by frequent v isual observations o f  nearb y  p o ­
sitional stan d ard s. Sky tran sm ission  and flux calibration  w ere ob ta in ed  from  rep eated  
observations o f U ran u s, Jup iter and Saturn. A b so lu te  calibration  errors are e stim a ted  
at around 10 per cent at 1100 p m , 15 per cent at 800 pm  and 35 per cent at 350 /¿m. 
The m ajority  o f  th ese  u n certa in ties arise from  the ca lcu lation  o f atm osp h eric  e x tin c ­
tion; corresponding m ean  s ta tis t ic a l errors w ere 0 .7  Jy, 1.8 Jy and 15 Jy, resp ectively , 
after ~  40s n et in teg ra tio n  tim e per p osition .
F igs 4 .1  to  4 .4  show  th e  sp a tia l d istr ib u tion  o f the su b m illim etre con tin u u m  
in the tw o  sources. A sy m m etr ic  structure is resolved  in the strong 350-p m  em ission  
from A F G L  2591 (F ig . 4 .1 ) w ith  clear e lon gation  along a n orth w est-sou th east ax is . A t  
1100p m  (F ig . 4 .2 ) , ex ten d ed  structure is p artia lly  resolved  in  th e  low -lev e l em ission . 
A slice a long th e  e lo n g a ted  axis o f  th e  350-pm  source is show n in F ig . 4 .3 , w ith  a  
fitted  G aussian  profile. T h is fit im p lies a half-pow er size o f 33 ±  6 arcsec and  thus  
a physica l size o f  26 ±  7 arcsec, w hen deconvolved  from  a perfect 20-arcsec G aussian  
beam . T h e  short ax is half-pow er b est fit is 23 ±  2 arcsec, w h ich  d econ volves to  l l l g  
arcsec. H ow ever, w h ile  th e  lon g  axis fit has a good  reduced y 2 s ta t is t ic  o f  0 .6 , th a t a long  
the short ax is has y 2 =  9 , in d ica tin g  a poor fit. T h e strong 350-p m  em ission  appears  
to  be e ssen tia lly  unreso lved  in  th e  n orth east-sou th w est d irection  w ith  low  flu x  leve ls  
extending tow ards th e  north . B est fits o f G aussian  profiles to  the 1100-pm  em ission  
from A F G L  2591 g ive  half-pow er sizes o f  52 ±  4 ( y 2 =  2 .5 ) and 49 ±  2 ( y 2 =  5 ) , in  the  
north-south  and ea st-w est d irection s, respectively .
A  fu lly -sam p led  m ap o f th e  strong 350-pm  em ission  from  W 75N  is  p resen ted  in  
Fig. 4 .4  a long w ith  th e  resu lts o f  m easurem ents at 800 p m  and 1100 pm ; p o sitio n a l  
offsets are g iven  in arcsec from  20 ll36m50s.0 + 42°26 '59"  (1 9 5 0 ). A t 350 p m  th e  edge o f  
the em ission  w as n ot found: at th e  boundaries o f  the m ap th e  m ean surface b righ tn ess  
is about one s ix th  o f  th e  peak  and d etected  w ith  a. s ign a l-to -n o ise  ra tio  close  to  7. T h e  
map show s ex ten d ed  em ission  th a t is  roughly sym m etrica lly  d istr ib u ted , w ith  no sign
R i g h t  a s c e n s i o n  ( a r c s e c )
Figure 4.1: T h e 350-^ m  continuum  at 20 arcsec reso lu tion  in  A F G L  2591 . T h e  m ap is  
sam pled at 10-arcsec intervals and th e  offset centre is 20’’27m3 5 .s8, + 4 0 °0 1 '1 4 "  (1 9 5 0 ). 
C ontours are at 30, GO, 90 and 120 Jy per beam .
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30 0 -30
Right  as cens i on  (arcsec)
Figure 4.2: 1100-^m  continuum  m ap o f A F G L  2591 w ith  1 arcm in reso lu tio n  and a 
30-arcsec sam pling  grid. T he offset centre is the sam e as in  F ig . 4 .1  and  con tou rs are 
at 2 .4 , 4.8  and 7.2 Jy per beam .
90
of any 0.2-parsec- scale disk structure w ith  w hich to  a ssocia te  th e  b ipolar CO ou tflow . 
Cuts across the peak in  R A  and D ec y ie ld  b etter  G aussian  fits to  the d a ta  at 800-/rm  
than at 350 p m ,  th e  form er h avin g  a reduced y 2 value o f 2.8  as op p osed  to  ~  8 in  the  
la tter. T h e best-fit curves have fu ll w id th s at h a lf m axim u m  (F W H M ) o f 64 ±  1 arcsec  
(R A ) and 61 ±  1 arcsec (D e c ), peak ing  at offset ( - 4 ,  + 1 ) .  T h e  1100-^ m  d istr ib u tio n  
produces a good  G aussian  fit ( y 2 =  0 .4 ) w ith  F W H M  78 ±  3 arcsec (R A ) and 82 ±  3 
arcsec (D ec ), peaking at offset ( + 3 ,  + 2 ) .
4.3 D iscussion
4 .3 .1  S o u rce  G e o m e tr y  a n d  S tr e n g th
4 .4 .1.1 A F G L  2 5 9 1
If we were to  assum e th at the source has an overall gau ssian  sh ap e, w e could  d econ volve  
the true source flux d en sity  from  the 350-/im  m ap by
c  _  c  t  u \  \ / (Sv — S  ¡¿(peak) J
Here, and fib are th e  source and beam  solid  angles, resp ectively , and 5 i/(p eak ) is  th e  
peak value in  the surface brightness (flux d en sity  per b eam ) m ap. T his m eth o d  y ie ld s  
S„ =  144 X 1.71 =  250 ±  100 Jy for A F G L  2591 w hich  is in  very good  agreem en t w ith  
that m easured by R ieke et al. (19 7 3 ) in a 63-arcsec b eam . U n fortu n ately , th e  ab ove  
m ethod is rather unreliable in  th e  present case since the source is neither w ell-reso lved  
nor w ell-approxim ated  by a  G aussian  in  the n orth ea st-so u th w est (short a x is) d irection .
In order to  avoid  the errors in volved  in  a pr ior i  assu m p tion s o f th e  source sh ap e, 
the deconvolved  source flux d ensities are e stim a ted  b y  s im p ly  rem ovin g  th e  oversam ­
pling factor in the m aps. If the beam  is taken  to  be G aussian  and th e  sam p lin g  
frequency is equal to  h a lf the full w id th  at h a lf m ax im u m , th is  factor is 4 .5 1  (see  
A ppendix  C ). T he flux d en sity  per b eam , in tegra ted  over the 350-p m  m ap o f  A F G L  
2591 (F ig . 4 .1 ) is 1477 Jy. T h e to ta l flux d en sity  in  th e  m ap is therefore 1 4 7 7 /4 .5 1  =  
330 ±  100 Jy  w hich is still in  good  agreem ent w ith  R ieke et al. (1 9 7 3 ). T h is  e s tim a te  
contains an unquantified  error a ssocia ted  w ith  th e  a ssu m p tio n  o f a p erfect G au ssian  
beam  but not th at in trod u ced  by presupposing a  G aussian  source as w ell.
T he deconvolved  A F G L  2591 flux d en sity  a t 1100 p m  is sim ilarly  determ in ed  to  
be 9 ±  2 Jy. T his is hardly  different from  th e observed  peak  value o f 8 .5  Jy, in d ica tin g  
an unresolved source in  th e  larger b eam , a lth ou gh  there is  ev id en ce in  F ig . 4 .2  for
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som e ex ten d ed  low -level em ission  tow ards the north and w est. T h e  d econ volved  to ta l  
flux d en sities for A F G L  2591 at each observed w avelength  are g iven  in  T ab le  4 .1 .
T h e  e lon gated  shape o f  th e  A F G L  2591 core (as observed a t 350 n m ), centred  as 
it is on  th e  probable ou tflow  source, is a m orphology th a t is in s ta n tly  su g g estiv e  o f  a  
large ed ge-on  disk stru ctu re. T h is is m ade m ore plausib le by considering  th a t th e  flux  
d istr ib u tion  is  unreso lved  in  th e  d irection  o f the m inor ax is, and th e  tru e  ax is ratio  
m ust be as h igh  as 2:1 or even  3:1. H ow ever, as d iscussed in  §4 .4 .3 , th e  ev id en ce from  
other ob servation s does n o t ten d  to  support th is exp lanation .
4 .4 .1 .2 W 7 5 N
A t su b m illim etre  w avelen gth s th e  ind iv idual em bedded sources in  th e  W 7 5 N  region , 
identified  in  C hapters 2 & 6 , are sw am ped by em ission  from  th e  coo ler  d u st o f  the  
surrounding cloud core (F ig . 4 .4 ) and do not appear as in d iv id u a l p ea k s, a lth ou gh  
there is sufficient sp a tia l reso lu tion  in  th e  present 350-/im  o b servation s. W ith in  th e  
p oin tin g  accuracy  o f th e  ob servation s, the continuum  rad iation  at all th ree  observed  
w avelen gth s peaks at the p o sitio n  o f H II(B ), as does th a t at 53 p m  (H arvey , C am p b ell 
& H offm an 1978). H II(B ) is ev id en tly  the dom inant lu m in o sity  sou rce w ith in  th e  
W 75N  cloud  core, sin ce the m axim u m  o f the continuum  flux d istr ib u tio n  occurs in  the  
far-infrared (F ig . 4 .6 ) . H II(B ) is also the lik ely  source o f  th e  b ipolar m olecu lar  ou tflow  
in the reg ion , from  15-arcsec reso lu tion  CO observations (see C hapter 3 ) .
T h e  general sh ap e o f  th e  W 75N  cloud core is sym m etrica l, resem b lin g  th e  inner  
regions o f th e  core as traced  by CS ro tation a l tran sition s (C h ap ter  3 ). T here is no  
in d ica tion  o f stru ctu re related  to  the large CO outflow  in  the region. H  a  large disk  
were present it  m u st be orien ta ted  nearly  face-on to  the observer, b u t th is  is  n o t borne  
out by th e  near-infrared observation s (C hapters 2 2) w hich  in d ica te  a  very  large
colum n o f m ateria l (A v >  90 m ag) tow ards the central source. Source flu x  d en sities , 
ca lcu lated  in  th e  sam e w ay as for A F G L  2591, are listed  in T ab le 4 .1 . T h e  va lue at 
350 pm  for is lik e ly  to  b e an u n d erestim ate , since som e sign ificant em issio n  w as lo st  
outside th e  m ap p ed  area.
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O f f s e t "  ( a r c s e c )
Figure 4.3: A  n o rth w est-so u th ea st slice through  the offset centre in  F ig . 4 .1 . T h e  
solid curve is the b est-fit gau ssia n  for the d a ta  and the dashed curve is  a  g a u ssia n  
w ith FW H M  =  20 arcsec, representing  the 350-/rm  beam . Error bars show  s ta t is t ic a l  
uncertainties. S ou th east is to  th e  le ft.
T able 4.1: D econ vo lved  S ubm illim etre C ontinuum  Strengths
O bject In tegrated  
5 „ (3 5 0  /¡m )
Source F lu x  ! 
S „(800  /im )
Density /J y  
5^ (1100 fim)
A F G L  2591  
W 75N
330 ±  100 
1170 ± 4 4 0 92 ±  18
9 ±  2 
23 ± 4
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R i g h t  a s c e n s i o n  o f f s e t  ( a r c s e c )
Figure 4 .4 : (a ) F u lly -sam p led  350-/im  m ap o f th e  central region around W 7 5 N  H II(B ). 
C ontours are at in tervals o f  75 Jy per 20-arcsec b eam , from  150 Jy per b eam . T h e  
offset centre is a t 20h36m50.s0, + 4 2 °2 6 /59", th e  p ositio n  o f  th e  com p act H II region  
H II(B ). T h e error bars in d ica te  th e  p o sition s o f  th e  three bright near-infrared sources  
found in  C hapter 2 (b ) and (c ) 800-/im  and 1100-/:im flux d ensities observed  a t 30-arcsec  
in tervals around th e  p o sitio n  o f  H II(B ), w ith  a  ~  1-arcm in beam .
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4.4.2.1 A FG L 2591
In A F G L  2591 , 5 350 =  330 Jy  and 5 n o 0 =  9 Jy give a 350 /zm /1 1 0 0 /zm  colour te m ­
perature o f  on ly  ab ou t 18 K (assu m in g  an em issiv ity  law  oc A- 2 ). H ow ever, u sin g  
IRAS S K Y F L U X  d ata , p o in ts  at w avelengths longer than  60 /zm fit w ell to  a  s in g le ­
tem perature grey b od y  (aga in  w ith  A-2 em issiv ity ) at 36 K (F ig . 4 .5 ) , w ith  no ev id en ce  
of a sign ificant cold  ( < 2 0  K ) dust com ponent affecting the lon g  w avelen gth  em issio n . 
We therefore adopt 36 K as th e  representative dust tem perature, and assu m e th a t  th e  
em issiv ity  fo llow s a A-2 law  at b o th  350 /im  and 1100 /on . A lth ou gh  ev id en ce has been  
found in favour o f a sign ificant change in grain em issiv ity  b etw een  350 /zm and 1100 /zm  
(G ear, R obson  & Griffin 1988) in  sim ilar ob jects, we lack a  m id -w avelen gth  p o in t for  
A F G L  2591 and so adopt th e  sim p lify in g  assum ption  o f a  single law .
4.4.2.2 W 75N
T he in tegra ted  continuum  d a ta  for W 75N  at w avelengths longer th an  100 /zm can be  
fitted  w ith  a sin g le-tem p eratu re , 29K  grey b ody function  (F ig . 4 .6 (a )) . A ltern a tiv e ly , if  
the 60-/zm  p o in t is included  in the fit, it is possib le to  use a “cen tra l” w arm  com p on en t  
(T j =  35 K , 7350 =  0 .0 3 ) p lus an “o u ter” cool com ponent (Ta =  19 K , 7350 =  0 .0 9 ) to  
reproduce th e  d a ta  (F ig . 4 .6 (b )) . Such a m odel can be v iew ed  as a crude ap p ro x im a tio n  
of a tem p eratu re grad ien t, and thus as a som ew hat m ore p h ysica l rep resen ta tion  o f  
a cloud core h eated  in tern a lly  by a num ber o f em bedded sources. T h e ju stif ica tio n  
for in clu d in g  th e  60-/zm  p o in t in  the fit to  longer w avelengths is  th e  53-/zm  m ap  o f  
Harvey, C am pbell & H offm an (19 7 8 ) in w hich em ission  also peaks close to  H II(B ) and  
extends over a sim ilar area to  th e  350-/zm  m ap in F ig . 4 .4 . T h is im p lies th a t th e  50-/zm  
continuum  traces the sam e d u sty  m ateria l as the observed su b m illim etre w avelen gth s. 
In con trast, th e  con tin u u m  at 20 /tm  has been found to  peak  tow ards the n orthern  
HII region H II(A ) (C h ap ter  5 ) , and traces a qu ite  different m ass and tem p era tu re  
com ponent. T h e fits in  F ig . 4 .6  a lso  assum e a  single e m iss iv ity  law  oc A- 2 , w h ich  
is con sisten t w ith  th e  present data . T h e large calibration  error at 350 jzm renders it  
difficult to  determ ine w h eth er th e  em issiv ity  exp on en t changes appreciab ly  b e tw een  
800 /tm  and 1100 g m . On th e  other hand the p ossib ility  m en tion ed  ab o v e , th a t th e  
derived 350-/zm  flux  d en sity  is som ew h at un d erestim ated , m akes such  a s teep en in g  
unlikely in  W 75N .
4 .3 .2  D u s t  T e m p e r a t u r e
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T h e com parable q u ality  o f  the single- and dual-com ponent fits to  th e  ob servation s  
illu strates th e  d ifficulty in finding a unique p h ysica l exp lan ation  for lo n g-w avelen gth  
data in m an y  cases. T hus we have used  b oth  m odels to  e stim a te  th e  m olecu lar h y ­
drogen colum n d en sity  and to ta l gas m ass in the W 75N  cloud core and , as w ill be  
seen in  th e  fo llow ing section , th e  resu lts are sim ilar enough to  p rov id e a reliab le  and  
convincing p icture o f the d en sity  cond itions in  the cloud. Since th e  fu ll ex te n t o f  the  
diffuse 350-/rm  rad iation  is not know n, I have used  th e  ap p rox im ate ob served  area o f  
the strong em ission  (50 X 50 arcsec) to  define a n om in al source size. T h e  assu m ed  size  
will affect th e  estim a tes  o f m ean op tica l d ep th , space d en sity  and co lum n d en sity , but 
not th at o f  the final m ass.
4 .3 .3  C o lu m n  D e n s ity , S p a ce  D e n s ity  a n d  M a ss
M ean op tica l depths at the different w avelen gth s and tem p eratu res w ere ca lcu la ted  
by com parison o f th e  deconvolved  source flux d en sity , Su( A), to  th e  flux  d en sity , 
A,Tu) from  a black b od y  w ith  the sam e solid  angular size Í7S and w ith  a te m ­
perature equal to  the derived dust tem p eratu re Td, by
1 -  e ~ r =
SlsB u( \ , T d)
Upper lim its  to  the source d im ensions are given  b y  th e  observed  h alf-pow er sizes (3 3 x 2 3  
arcsec in th e  case o f A F G L  2591). If the d econ volved  350-/rm  source flu x  d en sity  is  
330 Jy and if  Td =  36 K is a su itab le  rep resen tative tem p eratu re as o b ta in ed  in  §5 .3 .3 , 
then we ob ta in  r350 >  0.05 for th is  source.
In order to  convert dust o p tica l d epths to  h ydrogen  colum n d en sitie s , 1V(H), w e  
em ploy a  sim plified version  o f the relation  used b y  M ezger et al. (1 9 8 7 ), i.e .
, r/TT. 1.43 X l 0 24 , 2/ . _ 2
IVYH) =  -— — — — -—  x  X (fim) X T\ m  
b
which predicts the to ta l colum n d en sity  o f  hydrogen  nuclei and assu m es a  gra in  em is- 
siv ity  proportional to  A-2-0, b is a. m easure o f  th e  d ust cross-section  and  tak es som e  
value in th e  em pirica lly  determ ined  range 1 <  b <  3 .4 . A d o p tin g  b =  1.9 in  concor­
dance w ith  H ildebrand (1983) and assum ing all th e  hydrogen  is  in  m olecu lar form , the  
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Figure 4.5: D a ta  for A F G L  2591 at w avelengths greater than  12 /.im. T h e 12-fim  to  
100-/rm p o in ts  are taken  from  IR A S SK Y F L U X  m aps. T he fitted  curve is  a single  
tem perature grey b o d y  fu n ction  w ith  grain em issiv ity  a  A-2-0 and T  =  36 K.
T able 4.2: D erived  C loud Core Param eters (single  tem perature m od els)
O bject A
/  M m
T\ iV (H 2)
/ 1027 m ~2
Ancore
/M q
n (H 2) 
/ 1011 m “3
A F G L  2591 350 >  0 .05 2.3 300 ±  100 2.3
1100 >  2.9 X 10~3 1.3 500 ±  100 0.9
W 75N 350 0.088 4.1 1 7 0 0 ±  600 4.0
800 0.022 5.3 2200 ±  400 5.3
1100 0.009 4.1 1700 ±  200 4.1
T able 4.3: D erived  W 75N  Core P aram eters (dual tem perature m od el)
A
//r m
S„(A , 35K )
/Jy
S„( A, 19K )
/Jy
T\ JV(H2) 
/ 1027 m -2
M1'±Q.OTQ
/  M©
n (H 2) 
/ 1011 m -3
350 680 490 0.125 5.8 2400 ±  900 5.8
800 45 47 0.029 7.1 2900 ± 5 0 0 7.0
1100 11 12 0.012 5.5 2200 ±  300 5.5
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l og io ( i / / H z )
Figure 4.6: (a ) Single tem perature grey-b od y  fit to  th e  con tin u u m  sp ectru m  o f  W 7 5 N . 
The grain em issiv ity  exp on en t is taken  as 2 .0 . T h e  fit is  to  p o in ts  w ith  A >  100 /xm, 
giving Ta =  29 K and r (3 5 0  m ) =  0 .09 . (b ) T w o-tem p eratu re  m od el o f  W 7 5 N  w ith  
Td =  35 K , r (3 5 0  m ) =  0 .04  and Td =  19K , r (3 5 0 /im )  =  0 .0 9 , in c lu d in g  A =  60 /im  
in the fit.
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If th e  o p tica l d epth  is sm all, the m asses of the cloud cores can b e m ore  d irectly  
derived from  th e  source flux d en sities w ith ou t having to  take account o f  th e  source size. 
Since M  ~  iIsiD2iV(H) X m\\ x fj.h , using t\  ~  Su(X)/ClsBv(X, T)  and th e  con version  
to  hydrogen  co lum n d en sity  g iven  ab ove, it  follow s that
M(A.T) *  8.4 x 1 0 -  x ( J l - ) 2 x ( j A . ) ’ x ( £ )  x ( H » )  M 0.
The u n certa in ty  in vo lved  in  assum ing a source size does n o t, th erefore, a ffect th e  
to ta l m ass e stim a tes  for th e  cloud cores. T he ratio  o f to ta l gas m ass to  h yd rogen  
m ass (m i)  is tak en  as 1.36 and a d istan ce o f 2 kpc is assum ed for b o th  W 7 5 N  and  
A FG L  2591 (M errill & Soifer 1974; D ickel, D ickel & W ilson  1978). In  b o th  cases th e  
three-d im ensional source geom etries are assum ed to  be roughly th e  so lid s o f  rev o lu tio n  
arising from  th e  observed  2-d im en sion al m orphologies and the in tern a l d e n s ity  is  tak en  
to be co n sta n t.
T h e  m ass o f  1000 M 0  ca lcu la ted  from  CS d ata  by Y am ash ita  et al. (1 9 8 7 )  for th e  
A FG L  2591 core is ap p rox im ately  tw ice  th at ob ta ined  from  th e HOO-yum d a ta  w h ich , 
in  turn , is larger th an  th e  350-/xm  estim a te . T he form er discrepancy can  b e  a cco u n ted  
for by the som ew h at larger observed size o f the core in  the CS line, or b y  u n certa in tie s  
in the re la tive  m olecu lar abundance and th e  value o f  6, above. S ince lo w -lev e l em issio n  
is present at th e  edges o f  th e  region sam pled  at 350 /rm and th e  1100-/rm  ob serv a tio n s  
cover a con sid erab ly  larger area, there is som e ev idence for a d iffuse d u st co m p o n en t  
exterior to  th e  den sest part o f  th e  core.
In th e  d u al-tem p eratu re  approxim ation  for W 75N , th e  source flu x  d en sity  is 
separated in to  tw o  com p on en ts according to  the relative con tr ib u tion s in ferred  from  
Fig. 4 .6 (b ) . T w o  corresponding o p tica l depths are ca lcu lated  sep a ra te ly  an d  ad d ed  to  
obtain  t\ .  T h e  p h ysica l param eters in T able 4 .3  w ere then  ca lcu la ted  in  th e  sam e w ay  
as for the s in g le-tem p eratu re  m odel.
T h e  s in g le-tem p eratu re  approxim ation  gives a m ean m ass e s tim a te  o f  1800 ± 4 0 0  
M0  and th e  a ltern a tiv e  tw o-tem p eratu re  m od el, rough ly  sim u la tin g  a  tem p era tu re  
gradient in  th e  core, pred icts 2500 ± 6 0 0  M 0 . T he errors q uoted  here are o b serv a tio n a l, 
and the factor o f ~  2 u n certa in ty  in  th e  dust op tica l depth  to  gas co lu m n  d en sity  
conversion is le ft im p lic it . T h e  tw o  m ass estim a tes  are not s ta t is t ic a lly  c o n s is te n t , as 
they arise from  th e  sam e d a ta  and their errors are d om in ated  b y  th e  sa m e  ca lib ra tion  
u n certa in ties, and  y e t th ey  are sim ilar enough to  g ive  a reliab le figure for th e  core
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m ass. If th e  source is approxim ated  by a hom ogen eou s sphere o f  d iam eter  50 arcsec, 
the m ean m olecular hydrogen d en sity  is 4 .5  or 6.0 x  1011 m - 3 . T h e  large m ass estim a te  
is con sisten t w ith  a cluster of you n g  sources h ea tin g  an ex ten d ed  core reg ion . A s w ith  
A FG L  2591 , th e  corresponding value ob ta in ed  from  CS ob servation s ( ~  2700 M g , see 
C hapter 3) is con sisten t w ith  b o th  su b m illim etre  con tin u u m  e stim a te s , g iv en  its  large  
uncerta in ty  (ap p roxim ately  a factor o f  tw o ).
4 .3 .4  R e le v a n c e  o f  A ss o c ia te d  M o le c u la r  O b se r v a t io n s
T he C S ( J = l - 0 )  em ission  in  A F G L  2591 has a co m p lete ly  sep arate  m o rp h o lo g y  from  
the subm illim etre continuum , being  ex ten d ed  in  th e  n orth -sou th  d irection  (Y a m a sh ita  
et al. 1987). T h is appears to  reflect th e  large-sca le  (0 .5 p c  -  lp c )  stru ctu re  in  the  
outer regions o f the A F G L  2591 cloud core, w here th e  d en sity  is around  th e  critica l 
value o f n cr¡t ~ 4 x  1010 m -3 for th e  J = l - 0  lin e . T h e  J = 2 - l  tra n s it io n  o f  th e  sam e  
m olecule, how ever, has an apparently  m ixed  form . T h e low -level em issio n  fo llow s the  
J = l-0 north -sou th  orien ta tion , w hile  th e  h igh -level contours are e lo n g a ted  rough ly  
east-w est. T he higher reso lu tion  in  th e  la tter  ob servation s also  p icks o u t a  v e lo c ity  
gradient a ligned  roughly east-w est w hich  m ay  b e re la ted  to  th a t fou n d  b y  T akano et 
al. (1986) in N H3. T he m orphology  o f th e  J = 2 - l  em ission  m ay  reflect th e  ten d en cy  
of th is line to  trace denser m ateria l (n cr¡t o f  th e  J = 2 - l  lin e  i s .~  2 X 1011 m - 3 ) or m ay  
sim ply be a  consequence o f the sm aller b eam  at th is tra n sitio n . T h e  h igher o p tica l 
depth o f J = 2- l  m eans th at the sh ap e o f  th e  cen tra l core stru ctu re  is  n o t co m p lete ly  
revealed, d esp ite  sp atia l resolu tion  com parab le to  our 350-/xm  d ata .
H igh-resolution  N H 3 observations o f  A F G L  2591 (T orrelles et al. 1989) do not 
appear to  show  any large solid  stru ctu re in  th e  w arm  cen tra l regions o f  th e  cloud . On  
the contrary, th ese  observations seem  to  reveal an in tern a lly  h ea ted  ca v ity , p resu m ab ly  
sw ept out by the bipolar outflow , w ith  large tem p eratu re  grad ien ts in  th e  surrounding  
m aterial. T h is conclusion  is stron g ly  su pported  by the ob servation s o f  F orrest & Shure  
(1986) w ho also  identified  a bubble or ca v ity  at near-infrared w a v e len g th s. T h is  ca v ity  
is coincident w ith  th e  region o f stron g  350 /xm em ission , w h ich  can n ot therefore be  
delineating a  large coherent disk stru ctu re. T em p eratu re varia tion s w ith in  th e  dense  
m aterial m ay d om in ate  over colum n d en sity  in  d eterm in in g  th e  ob served  in ten s ity  
distribution .
Follow ing Gear et al. (1 9 8 6 ), w e can m ake a  sim p le d eterm in a tio n  o f  th e  ab ility  
of th e  cloud cores to  co llim ate  th e  a sso c ia ted  m olecu lar o u tflo w s, b y  com p arin g  th e
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gravitational b inding force in th e  dense m ateria l w ith  the in tegra ted  m om en tu m  flux  
in the h igh -velocity  gas. T h e rate o f m om en tu m  d ep osition  by an outflow  is
M f V ?
Fj  ~  —  
r f
where M y, Vy and ry are th e  m ass, v e lo c ity  and len gth  o f  th e  outflow  lob es, resp ectively . 
The binding force on  a core o f  m ass M c w ith  a G aussian  d en sity  d istr ib u tion  o f  half­
m axim um  size r-y/2 and con ta in in g  a central source o f m ass M * is g iven  by
((2 In 2)M * +  0 .25  M c)GMr
r 2
1/2
(see A ppendix  B ) w hich  m u st b e greater th an  Fj  for a s ta tic  core in  order to  confine  
an in itia lly  iso trop ic , m om en tu m -con serv in g  w ind.
In the case o f  A F G L  2591 , for a single  central source o f  to ta l lu m in osity  9 X 104 
Lq (im ply ing  M , ~  20 M g ) and know n CO flow  param eters (L ada et al. 1984), 
the disk w ould  provide confinem ent if  th e  to ta l m ass in the flow  w ere less th an  50 
M g. B y fo llow ing Snell et al. (1984) we can e stim a te  a  value for th e  flow  m ass o f  
~  25 x  t / (  1 — e~ T) M q , from  the 12CO observations o f  L ada et al. (1 9 8 4 ). Since  
the m ean op tica l d epth  in th e  lin e  w ings m ay  w ell reach values o f  r  ~  8 or m ore (b y  
com parison w ith  M argulis Sz L ada 1985), it  is clear th a t th e  large-scale core stru ctu re  
observed at 3 5 0 /¿m in  A F G L  2591 is u n likely  to  provide sign ificant co llim ation  o f th e  
CO flow on O .lpc - 0 .2p c sca les.
T he h igh -reso lu tion  near-infrared m aps ob ta in ed  b y  Forrest &: Shure (1 9 8 6 ), 
supported by recent N H3 observation s w ith  the V L A  (Torrefies et al. 1989), p o in t to  
an elongated  ca v ity  in  the cloud close to , and h eated  in tern a lly  by, th e  IR  source. 
Such a cav ity  is lik e ly  to  have been  created  by the ou tflow  its e lf  w hich  m u st then  
be collim ated  on m uch  sm aller scales ( <  O.Olpc). In such  a s itu a tio n , th e  specific  
m om entum  flux in  th e  outflow  is increased  and the p ossib ility  o f confining th e  flow  011 
large scales is d im in ished  even  further.
In the case o f  W 7 5 N , a  core m ass o f  around 2 ,000  M q and an effective em b ed d ed  
stellar m ass o f  ~  200 M g w ou ld  provide con ta in m en t o f  an in it ia lly  iso tro p ic  ou tflow  
w ith Fy C  3 x  1024 N . From  th e an alysis in  C hapter 3 th e  to ta l force on th e  c loud  due to  
the outflow  is >  2 X 1023 N . T h is m eans th a t , un less th e  m a jo r ity  o f  the ou tflow  m ateria l 
is m oving w ith  a tra jectory  in clin ed  less th an  ab ou t 10° to  th e  p lane o f the sky, th e  core 
m aterial presents an effective barrier to  th e  p assage o f  th e  flow . H ence, th e  an iso trop ic  
large-scale flow  stru ctu re is probably produced  through  p h y sica l confinem ent by the
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dense core as it  finds its  w ay ou t o f  the cloud. If the ou tflow  w ere in it ia lly  co llim ated  
on m uch sm aller scales (<C O .lp c), th e  specific m om en tu m  flu x  d e liv ered  to  th e  cloud  
m ateria l w ould  be m uch higher and th e  flow w ould push  a  stra ig h t p a th  th rou gh  th e  
cloud m uch m ore easily . H ow ever, the irregular appearance o f  th e  CO ou tflo w  argues 
th at any such in trinsic  co llim ation  w as lo st close to  the source (see  C h ap ter  3 ).
4.4 Conclusions
W e have resolved the cloud  core structure around th e  ou tflow  sources W 7 5 N  and A F G L  
2591 as traced by the su b m illim etre continuum  em ission  from  co o l ( ~  30K ) d u st. In  
W 75N , the grav ita tion a l b in d in g  force in  the cloud core is cap ab le  o f  confin ing  and  
co llim atin g  the large-sca le outflow . In A FG L  2591, th e  ob served  c lou d  core m ass is  
not capable o f effective con stra in t o f  the associa ted  m olecu lar ou tflo w  b y  th is  m eans.
T h e central m ass d istr ib u tion  in  A F G L  2591 is e lo n g a ted  in  a  n o r th w est-so u th ea st  
direction . From observation s at 350 ¡im , th is region is ab ou t 0 .25  X 0.1  p c  in  s ize , con ­
tains 300 M g  to  500 M q  o f m ateria l and is apparently  centred  on  th e  IR  source and  
probable outflow  centre. D esp ite  th e  m orphology, there is l i t t le  ev id en ce  to  id en tify  th is  
asym m etrica l structure as a disk or torus causally  con n ected  to  th e  b ip o la r  ou tflow . 
T here is evidence from  h igh -reso lu tion  near-infrared and N H 3 lin e  d a ta  th a t  sign ifican t  
co llim ation  occurs on m uch sm aller scales close to  th e  source. T h e  m ea n  d en sity  in  
the central core is a t least 5 X 10u  m - 3 . T h e 1100-/xm  em issio n  from  A F G L  2591 is  
rather com pact but also show s ev idence o f an ex ten d ed , d iffuse en v e lo p e  surrounding  
the central dense zone.
In W 75N , th e  dense cloud core is ex ten d ed  on  a  sca le  o f  ~  0 .5  p c , is  rou gh ly  
sym m etrica l and show s no ev id en ce o f  disk stru ctu re larger th a n  0.2 pc w h ich  one  
m ight a ssoc ia te  w ith  the co in cid en t CO outflow . T h e  d om in an t h e a tin g  source in  the  
area appears to  be th e  com pact HII region and OH m aser H II(B ). T h e  in teg ra ted  
continuum  em ission  beyon d  60 jum can  b e represented  by e ith er  a  s in g le  29 K d ust 
tem perature or a  du a l-tem p eratu re (19  K and 35 K ) co m p o site  m o d e l. T h e  la tter  
approxim ation  is m ore p h ysica lly  appropriate sin ce it  a cco m m o d a tes  th e  kn ow n  53- 
¿¿m source m orphology, w hich  in d ica tes an origin  w ith in  th e  sa m e m a ss  com p on en t  
as longer w avelen gth  em ission , and sin ce it  represents m ore sa t is fa c to r ily  th e  lik ely  
presence o f  a  tem perature grad ient. T h e  tw o m odels pred ict to ta l  c lo u d  core m asses  
of 1800 and 2500 M q , resp ectively . T h e  corresponding m ean  p a r tic le  d en sities  in  a
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0.5-parsec sphere are 4.5 and 6.0 X 1011 m~3. The large mass estimate is consistent 
with the heating of an extended region by a cluster of embedded young sources, but is 
insufficient to have a significant effect on the collimation of the high-velocity outflow. 
A single-exponent submillimetre grain emissivity law, proportional to A-2 , is most 
compatible with the data.
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C h a p te r  5
M i d - i n f r a r e d  O b s e r v a t i o n s  in  t h e  W 7 5 N  
R e g i o n
To fo llo w  the change-over in dominance from  scattered ligh t to  therm al emission from  
dust and to  f i l l  the gap in the continuum  spectrum o f W 75N, m id-in frared  m apping ob­
servations were required. These measurements would probe the in term edia te  tem pera ture  
( ~  100K) dust around the strong heating sources in the region. Improved near-infrared 
spectroscopy o f the hydrogen recom bination lines from  IRS-1, IRS-2 and H11(A) was ob­
tained at the same tim e  in order to  confirm  anomalous line strengths and ra tios suggested 
by the data o f Chapter 2.
The w ork in th is chapter was done in co llaboration w ith  C .M . M ounta in  &  T . Ya- 
mashita. the observations were partly  made during PATT a llocation U /L /1 7  and p a rtly  in 
d iscretionary tim e  allocated by the Astronom er in Charge (U K IR T ) fo r the com m issioning 
o f the reconditioned m id-in frared  bolom eter array UKT16.
Sum m ary
5-arcsec reso lu tion  m apping  observations are presented at 10 /im  and 20 /¿m o f  th e  m a ­
jor you n g  sources in  W 75N , com p letin g  the 1-^m  to  1100-pm  con tin u u m  flu x  d istr ib u ­
tion  o f  th e  region. T h e  bright near-infrared ob ject IRS-2 and the d om in an t lu m in o s ity  
source H II(B ) are d etected  for th e  first tim e in th e  m id-infrared and it  is  fou n d  th a t  
20 fim  is th e  sh ortest w avelen gth  at w hich H II(B ) is d irectly  observab le  a t current sen ­
sitiv itie s . T h e  1-^m  to  20-/rm  lu m in o sity  o f IR S-2 is 540 L g , a  fair a p p ro x im a tio n  to  
the to ta l lu m in o sity  o f  th is  source. T h e to ta l lu m in osity  o f  th e  region  is 1 .4  X 105 L g ,  
m ostly  provided  by th e  source w ith in  H II(B ).
IR S-2 is  unreso lved  at th ese w avelengths and the em ission  from  th e  som ew h at  
extended  H II(A ) is sim ilar in  ex ten t to  th e  observed radio con tin u u m . T h erefore th e
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m id-infrared rad ia tion  m u st orig in ate in  a narrow  region, w ith in  ~  0 .02  p c o f  IR S-2  
and in  a zone o f  ab ou t th is d epth  bordering the ion ised  gas o f  H II(A ).
Im proved m easurem ents o f  the near-infrared hydrogen recom b in ation  lin es B r7 , 
B ra and P f7 , com pared w ith  current m odels o f m assive  n eu tral or ion ised  w in d s, 
support the conclusion  th a t IR S-2 is undergoing sign ificant m ass loss.
5.1 Introduction
In C hapter 2 a sm all group o f reddened near-infrared sources w as fou n d  in  W 7 5 N  
close to  the u ltra-com p act OH m aser source H II(B ), a long w ith  ex ten d ed  m olecu lar  
hydrogen em ission  likely  to  be associa ted  w ith  the CO ou tflow  (m ap p ed  in  d eta il in  
C hapter 3 ). M aps o f  the dense m olecular gas surrounding th e  outflow  show ed  a large  
self-contained  clum p o f m ateria l to  the sou th w est o f  the m ain  cloud core. T h e  m ain  
red-shifted ou tflow  lob e  appears to  be im pinging  on th is clum p, causing d isru p tion  and  
dividing as a resu lt o f  the in teraction .
P o larisa tion  ob servation s by Y am ash ita  et al. (19 8 8 ) revealed  a 2-/im  reflection  
nebula surrounding the em bedded ob jects w hich is further stu d ied  at h igh  sp a tia l 
resolution in  C hapter 6 . T h e source ion ising  H II(B ) and illu m in a tin g  th e  b r ig h test  
reflection n eb u la  is very deeply  obscured by dense m ateria l and  the secon d  b r ig h test  
2-pm  source, IR S-2, is a  very you n g , B N -like ob ject and a  stro n g  em itter  o f  h yd rogen  
recom bination  lin es. T h e region w as observed in th e  m id-infrared  con tin u u m  b y  W yn n - 
W illiam s et al. (19 7 4 ) w ho found a. 20-pm  source at th e  p ositio n  o f  H II(A ), th e  s tro n g est  
and m ost evolved  o f th e  com pact HII regions in  th e  area (H asch ick  et al. 1981).
T he fo llow in g  chapter presents new  continuum  ob servation s o f  the W 7 5 N  region  at 
10 pm  and 20 p m  along w ith  im proved  B r7 , B ra  and P f7 recom b in ation  lin e  d e tec tio n s  
toward IR S-2. T h e m easurem ents in  the m id-infrared, w here th e  illu m in a tin g  source  
first becom es d irectly  v isib le , com plete  the 1-pm  to  1100-p m  con tin u u m  sp ectru m  o f  
the region and clarify the n atu re  o f  the sources therein .
5.2 O bservations
A ll observations w ere m ade w ith  th e  3 .8m  U nited  K ingdom  Infrared T elescop e (U K IR T )  
on M auna K ea , H aw aii. M id-infrared m apping w ith  e ffective  reso lu tion  o f ~  5 arcsec  
was done u sin g  th e  4 x 2  elem ent bolom eter array U K T 16 during  th e  n igh ts o f  14, 16, 18 
July 1987. Sky chopping w as used  w ith  beam s sep arated  b y  30  or 50 arcsec e a st-w e st,
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and ca lib ration s w ere ob ta in ed  from  a num ber o f m id-infrared stan d ard  sta rs .
E x ten siv e  com m ission in g  observations w ere m ade w ith  U K T 16 before o b serv in g  
the ta rg et sources. T h e rela tive  p osition s o f each detector in th e  array w ere m easured  
by cen trin g  each o f th e  eigh t d etectors in  turn on the bright m id-in frared  stan d ard  
aB oo .  T h e  centre or peak-response p ositio n  o f  each d etector w as fou n d  and  a flux  
m easurem ent taken  at b o th  10 fim  and 20 ^m . T he half-pow er size and  th e  sh ap e o f  
the b eam  profile in  each  p ixel (in  b o th  R ight A scension  and D ec lin a tio n  d irection s)  
w ere th en  m easured by drifting th e  te lescop e at a fixed rate across th e  source. T h e  
m ean values and standard  d ev ia tion s o f th e  half-pow er beam  w id th s o f  th e  d etectors  
w ere fou n d  to  be 4 .9  ±  0 .2  and 3.9 ±  0.2 arcsec in  R A  and D ec, resp ectively . T h e  m ean  
offset b etw een  p ixels in  th e  array is 5.1 ±  0 .4  (R A ) and 6.2 ±  0 .4  (D ec ) arcsec. T h e  
sam p lin g  w ith in  the array in  th e  R A -d irection  w as tested  by p lacin g  a  sta r  as close  
as p ossib le  to  th e  m id -p o in t b etw een  th e  centres o f detectors 6 and 7. T h e  resu ltin g  
flux m easu rem en t, com bin ing  th e  signals from  the tw o d etectors, show ed  o n ly  a 25 
per cent lo ss. In term s o f flux co llection , therefore, the sam p lin g  in  R A  is  a lm ost 
com p lete . T h e declin ation  direction  w as not tested  in the sam e w ay b u t th e  coverage  
is o b v iou sly  considerably  poorer, g iven  the m ean half-pow er w id th  and o ffset ob ta in ed  
above. T h e flux m easurem ents w ere m ade in  order to find th e  re la tiv e  resp on se  o f  
the e igh t d etectors to  a  p o in t source, for flat-field ing corrections. R e la tiv e  resp on ses  
to  an ex ten d ed  source w ere also  m easured at b o th  10 / /m  and 20 fim  b y  o b serv in g  th e  
sam e p o in t on  the disk o f  Jup iter through  each  detector in  turn . T h e  resu lts  o f  th ese  
com m ission in g  observations are sum m arised  in  F igs 5.1 and 5.2.
M aps w ere m ade o f th e  region around H II(B ) at 10 /im  and  20 /im  and  o f  the  
brighter source H II(A ) at 20 g m  by sam pling  on a  d iagonal grid. T h is s tr a te g y  p rovided  
reasonable coverage o f  th e  observed  region, but left th e  m aps som ew h at u n d ersam ­
pled. T h e  m aps w ere la ter in terp o la ted  on to  a 3-arcsec square grid for co n to u rin g  and  
p resen tation . F lu x  ca libration  and airm ass corrections w ere ob ta in ed  from  rep eated  
observations th rou gh ou t each  n ight o f  10-/xm and 20-^m  standard  stars. C a lcu la ted  
airm ass corrections w ere 0.2 m ag per airm ass at 10 /¿m (for the n igh t o f  14 J u ly ) , 0.5  
and 0.3 m ag per airm ass at 2 0 g m  (for th e  n igh ts o f  16 and 18 July, r e sp e c tiv e ly ) . 
1<t ca lib ration  u n certa in ties w ere 6 per cent (1 0 p m ), 25 and 15 per cen t ( 2 0 /zm: 16 
and 18 July, resp ectiv e ly ). In tegration  tim es o f  6 0 -1 0 0  seconds per p o in t produced  
m ean s ta t is t ic a l errors in  th e  m aps o f  1.1 X 10-15 W m "2 / im "1 or 0 .0 4  J y  a t 10 /¿m,
1.3 x  10-15 W m ~2^ m _1 or 0 .18  Jy  and 2 .8  X 10-15 W m - 2 / im -1 or 0 .3 7  Jy  per p ixe l
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arcseco n d s
Figure 5.1: R esu lt o f  th e  drift scan m easurem ent o f  th e  beam  profile o f  D etec to r  5 in  
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Figure 5.2: S ch em atic  su m m ary o f  th e  com m ission in g  ob servation s o f  U K T 1 6 . Ind i­
cated are th e  m easured  rela tive  p osition s and sizes o f  th e  e ig h t d etectors. T h e  figures 
are the rela tive  responses (in  per cen t) o f  each  d etec to r , a t 10 g m  and 20 /¿m, to  b o th  
a poin t source and to  ex ten d ed  em ission  w ith  resp ect to  D etec to r  1.
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at 20 pm  on Ju ly  16 and 18, resp ectively . R e la tive  p o sition s w ith in  th e  m aps and the  
absolute p o sitio n  o f  th e  offset zero are b o th  accurate to  ±2 arcsec (rm s).
M easurem ents at b o th  w avelen gth s w ere also  m ade tow ards th e  large d en se con­
densation  found in  CS ro ta tio n a l lines to  the sou th w est o f  th e  m ain  cloud  core (C h ap ter
3). T his w as done in  order to  look  for signs o f  h eatin g  by h ith erto  u n d etec ted  sources  
w ithin  th is con d en sa tion  w hich  m ay  h ave been  severely  d yn am ica lly  affected  b y  th e  
im pinging m olecu lar ou tflow . A n  area o f 42 arcsec (R A ) x  18 arcsec (D e c .) , centred  
on 20h36m45s .3 + 4 2 ° 2 5 /47" (19 5 0 ) w as m ap p ed  w ith o u t fu lly  sam pling .
2-pm  and 4 -p m  sp ectroscop y  w as done in  a 5-arcsec beam  w ith  th e  coo led  gra tin g  
spectrom eter C G S2 on TJKIRT during 1987, 21 A u gu st and 19 July, resp ective ly . E ast-  
w est sky chopping w as used  w ith  a  130-arcsec throw . O bservations w ere m ad e o f  
IRS-2 and the 2-p m  peak  IR S-1, w here B ry w as d etected  in  a  20-arcsec b eam  in  
Chapter 2 , and o f th e  northern , m ore evolved  HII region H II(A ). T h e p o sitio n  observed  
at IRS-1 w as th a t o f  th e  2-pm  peak as determ ined  in  C hapter 2, i.e . 20h3 6 m50s .4 
-f42°26'54" (1 9 5 0 ). T h a t in  H II(A ), w hich  is considerable larger th an  th e  C G S2 beam  
was 20h36m51s .3 + 4 2°27 '23"
T he 3 .7 -p m  P fy  m easurem ent o f IR S-2 w as m ade as part o f  th e  U K IR T  Service  
O bserving P rogram m e o f 28 June 1987. C alib ration s for th e  sp ectroscop ic  ob servation s  
were m ade u sin g  stars from  the U K IR T  stan d ard s lis t  and th e  m easu rem en ts o f  ab so lu te  
flux from  V ega by M ou n ta in  et al. (1 9 8 5 ). T h e  p o sitio n a l accuracy o f  th e  sp ectroscop ic  
observations w as ± 1  arcsec (rm s) w ith  th e  p o in t source IR S-2 used  as th e  astrom etr ic  
standard.
5.3 D ata R eduction
G round-based ob servation s at 10 pm  and 20 p m  are particu larly  d ifficult sin ce the  
telescope structure and sky are em ittin g  in to  th ese  w avebands from  th e peak  o f the  
am bient tem p eratu re  b lack b od y  spectrum . C on seq u en tly , th e  required s ig n a l from  
an astronom ical source m ay  b e as sm all as 10-6 o f  th e  background sign a l. In th is  
situ ation  th e  very sm all flexures o f  the te lesco p e  th a t occur w h en  ch an gin g  p o sitio n  
can sign ifican tly  a lter th e  background signal. Such flexures a lso  m ean  th a t different 
areas o f th e  m irror, w ith  m in u te ly  differing e m iss iv itie s , are b ein g  used . A n oth er  
problem  is th a t , esp ec ia lly  w hen chopping and n od d in g  w ith  a sign ifican t com p on en t  
of m ovem ent in  th e  E leva tion  d irection , th e  sky  em ission  grad ien t m ay  be steep  en ou gh
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to  produce sign ificant differences in  sky signal betw een  the on-source and sky  p o sit io n s  
and th ese differences w ill increase w ith  increasing airm ass (decreasing e lev a tio n ) o f  th e  
source and so vary w ith  tim e. One or another o f these problem s m ay d o m in a te  in  a  
given te lescop e, b u t th e  result is to  produce changes in  the background s ig n a l w ith  
position  w hich are not rem oved b y  the standard  chopping and nodding tech n iq u e  b u t  
w hich have to  be corrected for later.
In th e  present ob servation s, th e  signal baselines at b o th  10 /¿m and 20 yum de­
veloped  qu ite rapid sy stem a tic  drifts at low er source e leva tion s. T h ese  drifts w ere  
occasion a lly  large enough to  produce baseline differences b etw een  ‘p a irs’ (se ts  o f  in te ­
grations at th e  source and sky p ositio n s) w hich w ere larger th an  th e  sign a l. C on se­
quently, th e  on-line basic reduction  system  used by U K IR T  w as unable to  cop e since  
the coadding, s ta tis t ic a l error ca lcu la tion  and ‘sp ik e’ rejection routines ex p ected  a  flat 
baseline. A s th e  observed  drift w as quite linear on the sm all tim escale  o f  on e in te g r a ­
tion  it w as p ossib le  to  re-process the d a ta  sa tisfactorily , w ith ou t fittin g  p o ly n o m ia ls  
to  reproduce th e  baseline sh ap e, by coadding odd (sky -  ob jec t) and even  (o b je c t -  
sky) pairs sep arate ly  before o b ta in in g  the final resu lt. S ince, w ith  a  linear drift, a ll odd  
(even) pairs w ould  possess an equal n egative  (p o sitiv e ) offset from  their true va lu e , th is  
technique enab led  th e  ca lcu la tion  o f correct standard  dev ia tion s o f th e  m ean  coad d ed  
signal.
F inally , a non-circular effective beam  profile required d econ volv in g  from  th e  raw  
m aps. T h e asym m etry  took  the form  o f d istin ct e lon gation  o f th e  apparent sh a p e  o f  a  
bright p o in t source, below  the 1 5 -2 0  per cent level, a long the R A  axis (F ig . 5 .3 ) . S ince  
th is w as th e  d irection  o f chopping throughout the observations th e  probable cau se  is a  
badly adjusted  n od d in g  cycle in  w hich insufficient tim e w as allow ed for th e  te le sco p e  
to  se ttle  before sam p lin g  began  at th e  new  p o sitio n . T o d econvolve th e  recon stru cted  
asym m etrica l b eam , a sim ple ad ap ta tion  o f the C L E A N  algorithm  w as ap p lied . T h e  
basis o f  the m eth od  w as to  treat the con ten ts o f  a m ap as th e  su p er im p o sitio n  o f  
m any p o in t sources. T h e peak  in the m ap w as found , a  fraction a l (u su a lly  10 per  
cent) stren gth  p o in t spread fu n ction  w as su b tracted  and th e  p ositio n  and size  o f  th e  
subtraction  recorded. T h e op eration  w as then  repeated  u n til no peaks (p o s it iv e  or 
n egative) stronger th an  3cr rem ained. T h e deconvolved  m ap , recon stru cted  from  th e  
recorded su b traction s w as th en  sm ooth ed  w ith  a 2-D  G aussian  filter to  th e  n om in a l 
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Figure 5.3: 10-/im  effective p o in t spread function  at 10 /¿m, during th e  ob servation s o f  
1987 July 16. T h e  contours are at 10, 20, 30, 40 & 50 per cent o f  the peak.
I l l
5.4 Results
Figs 5.4 and  5 .5  show  th e  resu lts o f  the 10-pm  and 20-pm  m apping o b serv a tio n s, w ith  
position s g iv en  as offsets from  20h36m50s .4 + 42°26 '51"  (1 9 5 0 ). A b so lu te  ca lib ra tio n  
errors are estim a ted  to  be 10 per cent at 10 p m  and about 25 per cen t at 20 /xm. F ig .
5.4 is lim ited  to  th e  area covered by th e  2-p m  observations o f C hapter 2 , w h ile  F ig . 5.5  
extends to  in clu d e th e  bright northern source H II(A ). Strong em ission  at b o th  w ave­
lengths w as found at th e  p ositio n  o f IR S-2 and from  the dom in an t lu m in o s ity  source  
H II(B ). It can be seen th a t IR S-2 decreases in  brightness tow ards longer w a v e len g th s  
w hile the H II(B ) flux d en sity  is increasing . A  su ggestion  o f w eak em ission  a t 10-pm  
was also  found  close to  th e  fa in ter and less reddened near-infrared o b je c t, IR S-3 .
A part from  a su ggestion  o f low -level em ission  in th e  sou th w est corner o f  F ig . 5 .4 , 
IRS-2 is e ssen tia lly  unresolved  at b o th  10 p m  and 20 p m , but the em issio n  en co m p a ss­
ing IR S-1 and H II(B ) is m arginally  ex ten d ed  in  th e  n o rth w est-so u th ea st d irectio n  at 
b oth  10 p m  and 20 p m . T he ex ten sion  is at a low  leve l at 10 p m  but it can  b e seen  th a t  
the peak sh ifts by ~  7 arcsec to  the north w est b etw een  10 pm  and 20 p m . H II(A ) is  
exten d ed , w ith  a  h a lf pow er size o f  ab ou t 20 arcsec, and d om in ates th e  20-p m  em ission  
in the region.
T ota l flu x  d en sities for H II(B ), H II(A ) and IR S-2 are g iven  in  T ab le  4 .1 , a lon g  
w ith  near- to  m id-infrared in tegra ted  lu m in o sitie s , ca lcu la ted  assu m in g  a d ista n ce  o f  
2 kpc (D ick el, D ickel & W ilson  1978). T h e  con tin u u m  d a ta  availab le  to  d a te  for th e  
m ajor sources in  W 75N  are sum m arised  in F ig . 5 .6 , in clu d in g  in tegra ted  flu x  d en sitie s  
from  IR A S S K Y F L U X  m aps o f  the region plus th e  near-infrared and su b m illim etre  
m easurem ents presented  in  C hapters 2 and 4.
T h e under-sam pled  observations o f th e  region con ta in in g  th e  so u th w estern  con ­
densation  d etected  no continuum  source w ith in  the dense clum p at e ith er  10 p m  or 
20 pm . T h e  3cr upper lim it to  the 20-pm  surface b righ tn ess o b ta in ed  w as 4 X 10-16 
W m - 2p m -1 arcsec-2 (0 .0 5  Jy  arcsec- 2 ).
R esu lts o f  th e  recom b in ation  lin e  sp ectroscop y  tow ards IR S -1 , IR S-2 an d  th e  
northern HII region H II(A ) are listed  in  T able 4 .2 . A s in  C hapter 2 , B r a  w as d etec ted  
strongly  tow ards IR S-2 and also  w eak ly  tow ards th e  n eb u la  peak: IR S-1 ( th e  ob served  
p osition  w as th a t o f  th e  2-p m  peak  as determ ined  in  C hapter 2 ). B r7  w as n o t d e tec ted  
at IR S -1, a lth ou gh  it  had  been  in  th e  20-arcsec b eam  used  in C h ap ter  2. P f7  w as 
detected  from  IR S-2 w here, because o f  h igh  e x tin c tio n , it  has a h igher flux  th a n  B r7 .
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Figure 5.4: (a ) R aw  m ap at 10 fim  o f  the region around H II(B ) in  W 7 5 N . T h e  offset 
zero is a t 20h36m50s .0 + 4 2 °2 6 '5 9 // (19 5 0 ) w hich  is th e  p o sitio n  o f  H II(B ). (b ) T h e  sam e  
m ap w ith  th e  p o in t spread fu n ction  o f F ig . 5 .3  d econ volved , sm o o th ed  to  th e  orig inal 
reso lu tion . C ontours in  b o th  m aps are draw n at (5 .1 , 10 .2 , 15 .3 , 2 5 .5 , 51 , 85 & 170) 
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F igure 5.5: D econvolved  m ap at 20 /¿m o f W 75N , in clu d in g  th e  northern  HII re­
gion  H II(A ). C ontours are drawn at (1 .5 , 2 .9 , 4 .4 , 7 .3 , 10 .3 , 14.7 & 2 2 .0 ) x lO -12 
W m ~2 /rm - 1 . T he dashed lines d elineate the observed area.
T able 5.1: M id-infrared flux densities and 1 /¿m to  20 /im  lu m in o sities
O bject S(10 /im )  
W m - V m -1
S(20 //m )  
W m“2 / im -1
1 p m -20 firn 




3.4  X 10~13
2.4  X IO“14 
4 .7  X IO“ 13*
6.7 X IO“14 





*From  W yn n -W illiam s et al. 1974
T able 5.2: R ecom b in ation -lin e F lu xes
O bject
R ecom bination
B r a (4 .0 5 2 /im )
Line F lu x  / 10_1 
B r 7 (2 .1 6 6 //m )





10.1 ±  0.5  
1.2 +  0.3  
8 + 1
0.8 ±  0.2 
<  0.6(3cr) 
0.8 ±  0.2
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Figure 5.6: C om p osite  spectra l d istr ib u tion  o f th e  m ajor sources in  W 75N  from  1 /rm  
to  1 1 0 0 /am. T h e filled circles represent d a ta  for IR S-1 and H II(B ) (from  C h ap ter 2, 
th is chapter and H arvey et al. 1977). T h e  filled trian gles d en ote  d a ta  for IR S-2 (from  
C hapter 2 and th is chapter). T h e  open  circles represent d a ta  for H II(A ) (from  Ya- 
m ash ita  et al. 1988, W yn n -W illiam s et al. 1974 and th is ch ap ter). T h e  op en  squares 
are IRAS SK Y F L U X  data covering the w hole region. T h e stars represent th e  su b m il­
lim etre continuum  d ata  from C hapter 4.
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Both Bry and Bra were detected from HII(A).
5.5 D iscussion
5 .5 .1  M id - in fr a r e d  C o n t in u u m
T he com p act 10-pm  sources in  F ig . 5.4 are coincident, w ith in  th e  q uoted  p o sitio n a l  
errors, w ith  th e  bright near-infrared ob jects IR S-1 and IR S-2 found  in  C h ap ter 2 . 
H ow ever, h igh  p o lar isa tion  fractions found in  the 2-/im  con tin u u m  tow ards IR S-1 by  
Y am ash ita  et al. (19 8 8 ) and in  C hapter 6 have estab lish ed  th a t the ap p aren t near- 
infrared source at th is  p ositio n  is a peak in  the reflected 2-pm  ligh t o f th e  n eb u la . T h e  
10-pm  em ission  from  th e p o sitio n  o f IR S-1, w hich is offset from  the m aser source by  
~  7 arcsec, is therefore a lm ost certain ly  associated  w ith  w arm  dust s itu a te d  w here  
th e  lin e-of-sigh t e x tin c tio n  is low er than  to  H II(B ) itse lf. A  m od el b y  D en t (1 9 8 8 )  
predicts a  sim ilar effect in the polar regions o f dense dusty , edge-on  disks around  a 
h eatin g  source, in w hich  th e  observed p osition  o f the em ission  peak  b egins to  sh ift aw ay  
from  the source at shorter m id-infrared w avelengths as op tica l d epths in crease. E ven  
th ou gh  th ere  is no ev id en ce o f a  disk involved in  the H II(B ) sy stem , th e  w arm  d ust 
m ay be lo ca ted  close to  th e  op en in g  in  the dense m ateria l through  w hich  near-in frared  
ligh t escap es to  illu m in a te  th e  reflection nebula. Since no em ission  is d e tec ted  at th is  
w avelength  direct from  H II(B ) itse lf , it is clear th a t the e x tin c tio n  a t 10 p m  is s t ill 
ex trem ely  h igh  tow ard  the lu m in o sity  source.
A t 20 p m , the ‘IR S -1 ’ em ission  has shifted  so as to  peak very close to  the p o sitio n  
o f H II(B ), leav in g  a  w eaker ex ten sion  in the d irection  o f the 10-pm  peak  (F ig . 5 .5 ) . 
T h is change in d ica tes th a t b etw een  10 pm  and 20 p m  the foreground e x tin c tio n  reduces  
sufficiently  th a t th e  w arm  d ust around the source b egins to  be d irectly  d e tec ted . T h e  
2 0 p m /1 0 p m  colour tem p eratu re o f  the H II(B ) em ission  is 150K  at the p o sit io n  o f  
the 10-pm  peak and 120K close to  H II(B ) itself. A part from  th e  su g g estio n  o f low - 
level em ission  to  th e  so u th w est, IR S-2 rem ains an unresolved  source at all m easu red  
w avelen gth s. T h e m id-infrared continuum  m ust therefore arise w ith in  a b o u t 0 .0 2  p c  o f  
the central star. IR S-2 is decreasing in  brightness b eyon d  10 p m  w h ile  H II(B ) b ecom es  
rapidly stronger, com p lete ly  d om in atin g  the em ission  at su b m illim etre  w av elen g th s  
(C hapter 4 ).
A t 20 p m , th e  northern  and m ore extended  HII region H II(A ) is  th e  b r ig h test  
ob ject in  th e  area, as exp ected  since it  corresponds to  th e  p eak  fou n d  b y  W yn n -
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W illiam s et al. (1974) which, w as then  the on ly  d etectab le  20-/im  em ission  in  W 7 5 N . 
H II(A ) is ex ten d ed  at 20 /¿m on a  scale ( ~  20 arcsec) co n sisten t w ith  th e  size o f  
the ion ised  region m apped by H aschick et al. (19 8 1 ) and th e  m id-infrared rad ia tion  
therefore m u st orig inate in  th e  w arm  dust w ith in  the p h o to -d isso c ia tio n  zone bordering  
the ion ised  gas.
A  com p lete  spectrum  o f th e  l-/zm  to  1100-/im  em ission  from  IR S -1 /H II(B ) is pre­
sented  in  F ig . 5 .6 , sh ow in g a double peaked flu x -d en sity  d istr ib u tion . T h is sp ectra l 
shape can be m ost easily  exp la in ed  by a source em bedded  in  a  n on -sp h erica lly  sy m ­
m etric d istrib u tion  o f ex tin gu ish in g  m ateria l. In th is s itu a tio n , stron g  sca tter in g  along  
less ex tin gu ish ed  paths causes th e  near-infrared peak , w h ile  a  h igh  o p tica l d ep th  in  
the direct line o f  sight resu lts in  a large far-infrared hum p in th e  sp ectru m  con ta in in g  
m ost o f the lu m in osity  o f  th e  source and dom in atin g  th e  lon g-w avelen gth  o u tp u t o f th e  
w hole region. D ent (1988) predicts spectra l d istr ib u tion s o f  th is form  b y  m o d e llin g  th e  
continuum  rad iative transfer through  edge-on or s lig h tly  in clin ed  dense c ircu m stellar  
disks w hich are op tica lly  th ick  w ell in to  the m id-infrared. T h e  fraction a l lu m in o sity  
em erging from IR S -1/H II (B ) in  th e  near-infrared is rather low er than  in  th e  specific  
m odels presented by D en t, su ggestin g  th a t, in W 7 5 N , a sign ificant am ou n t o f  fore­
ground ex tin c tio n  ex ists  through  the outer regions o f  the envelop in g  cloud . A  v isu a l 
ex tin ction  o f A v =  15 m ag applied  to  the m odel o f  a p a rtly  obscured  hot d ust p h o to ­
sphere (effective tem perature 1000 K -  1500 K ), a p p rox im ately  reproduces th e  sp ectra l 
shape in F ig . 5 .6 . T h is is con sisten t w ith  the p h otom etr ic  an a lyses o f  C hapters 2 and  
6 , w hich predict a large hot dust com ponent to  the near-infrared lig h t and a foreground  
ex tin ction  com ponent o f ab ou t th is order.
In tegratin g  under th e  flux d istr ib u tion  in F ig . 5 .6 , th e  to ta l lu m in o sity  o f  IRS- 
1 /H II(B ) is  1.4 x  105 L q ,  assu m in g a  d istan ce o f  2kpc (D ick el, D ickel &: W ilso n  1978), 
equivalent to a 0 7  ZAM S star (T h om p son  19S4). T h is lu m in o sity  source is lik e ly  to  be  
the ob ject th at is ion isin g  H II(B ). H ow ever, H aschick et al. (1 9 8 1 ) m easured a radio  
flux d en sity  requiring on ly  a B 0 .5 ZAM S or eq u ivalent to  provide th e  io n isin g  rad ia tion . 
T he discrepancy is n ot lik ely  to  due to  any unusual pre-M ain Sequence p rop erty  o f  th e  
central star, since such a lu m in ou s (and  therefore m a ssiv e ) o b jec t w ill have evo lv ed  very  
rapidly tow ards the M ain Sequence. It m ay, how ever, be exp la in ed  by large am ou n ts  
of circum stellar m ateria l orb itin g  close to  the star , w hich  stro n g ly  a tten u a te  th e  U V  
radiation . T h e re-radiation  o f th e  absorbed energy  th en  also  exp la in s th e  h o t d ust 
spectrum  know n to  d om in ate  th e  ste llar  ph otosp h ere at near-infrared w a v elen g th s.
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T he second o f th e  strong 2-fim sources, IR.S-2 , is p o in tlik e  at b o th  10 /im  and  
20 pm  (F igs 5 .4  & 5 .5 ). Its flux d en sity  spectrum  decreases in  th e  m id-in frared , th e  
new  d ata  fittin g  sm o o th ly  w ith  th e  ex istin g  near-infrared p h o to m etr ic  p o in ts  (F ig . 5 .6 ) . 
A t a d istan ce  o f  2 kpc th e  1-pm  to  20-pm  lu m in o sity  o f  IR S-2 is  540 L q , w h ich  m ay  
be assum ed to  be a  m od erate ly  good  e stim a te  o f  th e  to ta l o u tp u t from  th is  source. 
T his im plies an illu m in atin g  source o f  roughly 5 .5  M q and in d ica tes  th a t th e  v isu a l 
ex tin ction  value o f  >  34 m ag , derived from  th e  J -H  colour in  C h ap ter 2 , is to o  h igh . 
A v =  34 m ag w ould  require a  dereddened 1-pm  flux  d en sity  eq u iva len t to  a ZA M S 0 7  
star. T hus the 1.6-p m  H -band flux d en sity  m u st be d om in ated , in  th is  source a lso , b y  
em ission  from  a com p act, o p tica lly  th ick  en velop e o f  hot d ust around  th e  y o u n g  star , 
increasing the J -H  colour and rendering it u n usab le as an e s tim a te  o f e x tin c tio n . T h is  
conclusion is con sisten t w ith  the analysis o f  th e  near infrared sp ectru m  in  C hapter 6 .
T he upper lim it to  any 20-p m  con tin u u m  em ission  from  th e  so u th w estern  CS 
clum p in d icates th a t there are no op tica lly  th ick  sources w ith in  th is con d en sa tion  
w ith  tem perature greater than  50Iv. T h e tim esca le  o f  th e  o u tflow  is ~  105 yr w hich  
is about com parable to  the dyn am ica l co llapse tim e o f a p ro to ste lla r  core (L izan o  & 
Shu 1989). Therefore, any  in c ip ien t con d en sation s th at m ay  h a v e  been  triggered  in to  
collapse rather th an  b ein g  d isrupted  by the im p act m ay  still h ave h ad  in su ffic ien t tim e  
to  becom e observable.
5 .5 .2  R e c o m b in a t io n  L in e  R a t io s
T he recom bination  lines d etected  from  IR S-2 (T ab le 4 .2 ) have th e  ra tio s B r a /B r 7  =  
12 ±  1 and B r a /P fy  =  5.5 ±  0 .7 . A lth ou gh  th e  la tte r  is an upper lim it  to  the in tr in sic  
B r a /P f7  ra tio  (in  th e  case o f zero e x tin c tio n ), it  is already 3<r le ss  th an  th e  stan d ard  
Case B value (7 .47: G iles 1977). Since B r a  and P fy  are close to g e th er  near 4 /rm  th e  
ratio  is in any case a lm ost unaffected  by m od erate  degrees o f red d en in g  and th e  ob ­
served value offers a fair e stim a te  o f  the in tr in sic  in ten sity  ra tio . R ecen t m od ellin g  o f  
recom bination  lines arising in m a ssive , m a in ly  n eu tra l w inds from  y ou n g  stars (N a tta  
et al. 1988) predict in tr in sic  B r a /B r7  ratios close to  u n ity , in  cases w here B r a /P f y  ~  5. 
If th is w ere the case w ith  IR S-2, th e  direct v isu a l ex tin c tio n  w ou ld  be A v ~  36 m ag  
(from  the ex tin c tio n  law  o f R ieke & L ebofsky 1985). A lth o u g h  it  w as m en tio n ed  ab ove  
that the ex tin c tio n  tow ards th e  hot dust p h otosp h ere  in  IR S-2 is p rob ab ly  sign ifican tly  
less than  th is , th e  reddening to  th e  inner reg ions o f  th e  ste llar  w in d , w here th e  recom ­
b ination  lin es should  form , m a y  b e considerab ly  h igher and so th ere  is  no conflict. In
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th e  n eu tra l w ind  m od el, th e  ratios m en tion ed  above arise for h igh  gas tem p eratu res  
( ~  104 K ) and m edium  or low  m ass-loss rates ( 10-7 — 10-8 M0  y r_ 1 ) or for lo w  gas  
tem p eratu res w hen m ass-loss rates are h igh ( ~  10-6 M0  y r - 1 ). H ow ever, th ese  m o d ­
els use ste lla r  surface tem peratures o f  around 4 ,500  K and m ay n ot b e  app rop ria te  to  
a source w ith  a to ta l lu m in o sity  >  540 L0 . M odels o f  fu lly -ion ised  w inds {e.g. S im on  
et al. 1983) produce sim ilar line ratios.
T h e  B m /B r 7  ratio  tow ards H II(A ) is 10 ±  3. A ssu m in g  th a t C ase B con d ition s  
are m ore appropriate to  th is ap p aren tly  m ore evolved  HII reg ion , th is  va lu e im p lies  
an e x tin c tio n  o f A v =  18 ±  4 m ag. T his am ount o f reddening is com parab le to  th e  
‘foregrou n d ’ values m en tion ed  ab ove and ca lcu lated  in C hapter 6 and it  m a y  be ap ­
p ropriate to  ascribe it to  th e  general cloud m ateria l covering th e  w h ole  area. S ince  
th e  5-arcsec aperture used in  the observations is considerable sm aller th an  th e  ion ised  
region o f H II(A ), the value o f B r o /B r 7 ab ove m ay not b e fu lly  rep resen ta tive  o f  th e  
w hole o b jec t.
T h e d etection  o f B ra  tow ards the reflection peak IR S-1 confirm s th e  rea lity  o f  
the B ry  d etection  in  a 20-arcsec beam  in C hapter 2, but does not help in  exp la in in g  
the source. H II(B ) is to o  h eav ily  extin gu ish ed  to  be the d irect source a lth o u g h , as 
su ggested  in C hapter 2 , the recom bination  line photon s m ay  be sca ttered  in  th e  n eb u la  
and are d etectab le  close to  IR S-1 w here there is strong forw ard sca tter in g . O n th e  o th er  
hand, there is a t least one true continuum  source (a lb e it o f  re la tiv e ly  lo w  lu m in o sity :  
C hapter 6 ) close enough to  IR S-1 to  have been caught in  th e  present ob servation .
5.6 Conclusions
5-arcsec reso lu tion  m apping observations in  W 75N  at 10 /¿m and 20 /;m  h a v e  been  
m ade, tracin g  the continuum  em ission  from  w arm  ( ~  100K ) d ust around th e  m ain  
h eatin g  sources. T he bright near-infrared ob ject IR S-2 and th e  d om in an t lu m in o sity  
source H II(B ) are d etected  for th e  first tim e at m id-infrared w avelen gth s and  it  is  
found th a t , because o f th e  very h igh  lin e-of-sigh t e x tin c tio n , 20 ¿/m is  th e  sh ortest  
w avelen gth  at w hich  rad ia tion  can be d etected  d irectly  from  H II(B ). T h e  1-^ m  to  20- 
¿¿m lu m in o sity  o f  IR S-2 is 540 L0 , a fair approxim ation  to  th e  to ta l lu m in o s ity  o f  th is  
source. T h e  to ta l lu m in o sity  o f  th e  region is 1.4 X 105 L0 , m o stly  p rov id ed  b y  th e  
source w ith in  H II(B ).
N o con tin u u m  source w as found in  th e  dense clum p o f  m olecu lar gas to  th e  so u th ­
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w est o f  th e  m ain  core, w hich  is in tera ctin g  w ith  the CO outflow . T he upper lim it to  
the surface b righ tn ess o b ta in ed  at 20 /¿m w as 4 X 10-16 W m '2 /rm-1 arcsec-2 (0 .0 5  Jy  
arcsec- 2 ).
N ew  near-infrared sp ectroscop y  o f B ry , B r a  and P fy  tow ard IR S-2 show  ev id en ce  
of non-C ase B lin e  ra tios w hich  are con sisten t, in  the absence o f  accurate k n ow led ge  
o f the e x tin c tio n  affectin g  th e  lin es , w ith  recom bination  in  a m assive stellar w ind  from  
the you n g star.
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C h a p te r  6
H i g h  R e s o l u t i o n  l - / i m  t o  2 - ^ m  I m a g i n g  
P o l a r i m e t r y  o f  W 7 5 N
In the preceding chapters, m ulti-wavelength  observations o f W 75N at spatia l resolu­
tions o f around 0.1 parsec and larger failed to  provide in fo rm a tion  on the in itia l co llim a tio n  
state o f the h igh-ve locity ou tflow  or any evidence o f  a dense ordered s truc tu re  (i.e . a 
disk) on these scales which may influence th a t state. It was therefore necessary to  find 
out whether structures exist w ith  scale sizes <  0.1 pc which m igh t s trong ly  influence the 
m orphology and energetics o f the region. The advent o f the new infrared camera systems 
provided the o pp o rtu n ity  to  probe the 0.01-pc scale physical s tructu re  around the lum inos ity  
sources and in the reflection nebulosity by exam ining the d is tribu tion  o f the dust-scattered 
light. The data analysed in th is chapter were obtained during  P A TT  a lloca tion  U /I \ l /7 0  
and the work is part o f a co llabora tion  including C .M . M ounta in , T . Yam ashita and I.S. 
McLean.
Summary
1.25-pm  to  2.2-fim  im agin g  polarim etry  o f W 7 5 N , w ith  see in g -lim ited  sp a tia l reso lu tio n  
( ~  2 arcsec), show s th at the diffuse 2.2-fim  em ission  arises in  tw o  sep arate  reflection  
nebulae. T he bright 2-^m  peak IRS-1 is found to  b e part o f  th e  larger n eb u la  and is 
not a self-lum inous ob ject. T h e m ain  illu m in a tin g  source w as n o t d e tec ted , im p ly in g  
direct ob scuration  o f A v >  90 m ag. A n alysis o f  th e  reflected  lig h t in d ica tes  m u ch  low er  
extin ction  (A v ~  16 m ag) along th e  reflection  p a th  and p red icts sign ifican t em issio n  
from hot dust near the source.
C om parison o f th e  surface brightness d istr ib u tion  in  th e  m ain  n eb u la  w ith  th a t  
in sim ilar sources and w ith  th eoretica l pred ictions show s th a t large grains in  a narrow  
size range (a  =  0 .5 n m  to  1 /zm) d om in ate  th e  sca tter in g  o f  near-infrared  ra d ia tio n .
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H ow ever, since th e  observed  w avelength  se lects th e  size o f the dom in an t sca tterers , l it t le  
can b e inferred ab ou t the relative num bers o f  such grains w ith in  th e  overall d istr ib u tio n  
o f sizes. T h e  dom inance o f large grains in  th e  near-infrared should  p rod u ce an iso trop ic  
in ten sity  phase fu n ction s in  the reflected lig h t, w ith  strong forw ard sca tter in g . T h is  
m ay con trib u te  to  th e  asym m etric  appearance o f  m an y  infrared reflection  n eb u lae , in  
w hich th e  lob e  directed  aw ay from  th e observer is o ften  h eav ily  suppressed .
T h e p attern  o f polarisa tion  vectors close to  th e  source o f  th e  CO o u tflow  show s  
evidence o f  m u ltip le  sca tter in g  in  dense m ateria l in  front o f the source, b u t th ere is 
no clear in d ica tio n  o f any disk structure at th e  sca le  o f  th e  reso lu tion  or larger. T h e  
co llim ation  o f th e  W 75N  CO ou tflow  probably  arises on sm aller scales or is ach ieved  
w ith ou t th e  action  o f a  disk.
T h e sm aller reflection  n eb u la  around IR S-2 is sym m etr ica lly  b ip o lar, on ly  lig h tly  
collim ated  and appears to  be orien ta ted  w ith  its  ax is in  the p lane o f  th e  sky. T h e  
presence o f  th is nebu la  in d icates th a t IR S-2 is gen eratin g  sm all-sca le  o u tflow  o f its  
ow n, apparently  free o f  the sign ificant in teraction s w ith  a clu m p y am b ien t m ed ium  
that d om in ate  th e  structure o f th e  large ou tflow  from  the OH m aser source. T h e  
presence o f  a m assive  stellar w ind  or ou tflow  is co n sisten t w ith  th e  n on -C ase  B h ydrogen  
recom bination  lines previously  m easured tow ards IR S-2. T he lin e-o f-sigh t e x tin c tio n  
tow ard IR S-2 is A v ~  25 m ag.
39 new  low -lu m in osity  sources h ave been  d etected  at 2 .2  /¿m w ith in  a  70-arcsec  
square region. T h e K lu m in osity  fu n ction  o f th ese  sources is  co n sisten t w ith  th a t o f  
a single cluster o f  you n g stars, show ing no sign ifican t difference from  th e d istr ib u tion  
found in  the O rion cluster.
6.1 Introduction
2-^m  p olarim etry  (Y am asliita  et al. 1988, hereafter Y 88 ) and p h o to m etry  (C h ap ter  
2) o f  th e  W 75N  star-form ing region revealed  em b ed d ed  infrared sources and  reflection  
n eb u losity  close to  th e  com pact H II/O H  m aser H II(B ). From  th ose  ob serva tion s it  w as  
concluded th a t th e  b righ test 2-^im o b jec t, IR S-1, is p rob ab ly  a  com p act p art o f  th a t  
nebula  and not se lf-lum inous, d esp ite  b eing  an apparent source o f  recom b in ation  lin e  
em ission . H ow ever, th e  d a ta  presented  w ere unable to  p rov id e enough  ev id en ce  to  rule  
out a true source at or near th e  p o sitio n  o f  IR S -1 . T h e  true p icture w as con fu sed  b y  th e  
p o ssib ility  o f  c lo se ly -a sso c ia ted , low -lu m in osity  o b jec ts  h idden  in  th e  d iffuse em ission .
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B o th  infrared and v isu al reflection  nebulae are generally  a sso c ia ted  w ith  dust 
shells around th e  large-scale ou tflow s o f m ateria l from young sources (a  sim ilar ex p la ­
n a tion  b ein g  first p o stu la ted  b y  E lsässer &: Staude 1978). In som e cases th e  d istr ib u tio n  
of reflected  lig h t clearly traces cusped  or loop ed  structures su ggestin g  lim b -b righ ten ed  
sw ep t-u p  shells or bubbles (e .g . R  M on: Yam ashita. et al. 1989; A F G L  2591: Forrest Sz 
Shure 1986). In W 75N , how ever, th e  relationsh ip  betw een  the com p lex  m olecu lar o u t­
flow  (C h ap ter  3) and the com p act but rather am orphous reflection  n eb u lo sity  observed  
in C hapter 2 has n o t, up to  now , been  p lain .
T h is chapter presents see in g-lim ited  reso lu tion  im aging po larim etry  at 1.25 /¿m, 
1.65 ¿/m and 2.2 g m  w ith in  a ~  100-arcsec square region close to  th e  OH m aser  
source. T h e purpose o f  th ese observation s w as to  exam ine the m orp h ology  o f  the  
reflection  n eb u la  w ith  reference to  th e  CO flow , to  id en tify  the dom in an t illu m in a tin g  
source and look  for sm all-sca le  structure in  the surrounding dense m ater ia l (w h ich  
m ay be affecting  the in itia l co llim ation  s ta te  o f the ou tflow ). In ad d ition  to  th is , it  w as  
in ten d ed  to  look  for low -lu m in osity  you n g stars in  the bright diffuse em ission  (w h ich  
m igh t con tr ib u te  to  the Brq lin e  d etected  there) and to look  for und iscovered , fa in ter  
m em bers o f  a  cluster to  w hich  th e  know n, bright infrared sources m igh t b elon g .
6.2 O bservations
T h e ob servation s w ere m ade on th e  n ight o f  30 June, 1988, w ith  th e  U n ited  K in gd om  
Infrared T elescop e (U K IR T ) on M auna K ea, H aw aii, using  the near-infrared cam era  
sy stem  IR C A M  and its  com panion  polarim eter IR PO L  (M cL ean 1987, M cL ean et al. 
1989). Im agin g  polarim etry  w as done w ith  th e  im age sca le  set to  0 .6 -arcsec per p ixe l, 
so th a t a  sin g le  fram e covered a rectangular area 38 arcsec (R A ) X36 arcsec (D ec .)  
on the sky. A ll observations w ere carried out in ‘sta re ’ m od e, th a t is , w ith o u t sky  
chopping by th e  secondary m irror.
U sin g  th e  IR C A M  filters at J (1 .2 5 /im ) and H (1 .6 5 /rm ), a  sin g le  p o s it io n  w as 
observed , centred  close to  th e  bright 2-/jm  peak IR S-1. W ith  th e  K -filter (2 .2 /rm )  
in th e  b eam , a  110 X 106 p ixel (68 X 66 arcsec) m osaic im age w as p rod u ced , using  
four a d d ition a l fram es d iagon a lly  offset, overlapping the centre fram e and each  o ther. 
A n an om alou s n on -lin earity  in th e  response o f  the IR C A M  d etector  array required  
correction  before final red u ction  and ca libration . A fter su b tractin g  a  b ias or short 
dark fram e (i.e .  <  10 sec ex p o su re), each d a ta  fram e w as d iv id ed  b y  th e  num ber o f
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coadds form ing the im age. T h e resu lt (in  C , or counts ab ove b ias per coadd) w as  
m u ltip lied , p ixel by p ixel, by th e  fo llow ing correction p o ly n o m ia l, ob ta in ed  from  th e  
m easurem ent o f know n sources (M . C asali, private com m u n ication ):
/ ( C )  =  1.0 -  2 .308  X 10“ 9C +  8 .689  x 1 0 - n C 2 +  2 .281  X 10“ 14C 3 
- 1 .6 8 7  x 1 0 -18C 4 +  4 .28  7 x 10 -23 C 5
Individual source fram es w ere flat-fielded w ith  im ages o f  nearby b lank sky and  
then  the m ean sky surface b righ tn ess su b tracted . T h e  sky im ages w ere tak en  w ith in  
a few  m in u tes o f  the source fram es since colour o f  th e  near-infrared sky changes w ith  
its  b righ tn ess, being affected  by d ifferentially  changing ab sorp tion -lin e d ep th s, and so  
too  does th e  w avelen gth -d ep en d en t relative response o f  th e  cam era array p ixels.
A fter fine adju stm en t o f  the zero levels to  m atch  fram es, th e  five 2-fim im ages  
w ere com bined in to  the large m osa ic  by averaging the values o f  corresponding over­
lapp ing  p ixels. T he in tegra ted  signals from  bright sources occurring in  m ore th an  one  
con stitu en t fram e w ere m easured , and the fram e-to-fram e response varia tion  w as found  
to  be less than  ± 7  per cent in  all cases. P o sitive  or n eg a tiv e  spikes in  th e  im a g es, due  
to  dead p ixels in the 62 x  58 array or to  cosm ic ray h its , w ere rep laced , w here p ossib le , 
w ith  values o f corresponding p ixels in  overlapping fram es or by in terp o la tin g  b etw een  
neighbouring p ixels in  th e  sam e fram e.
P o larisa tion  in form ation  w as ob ta in ed  in  th e  usual w ay by im ag in g  each  sp a tia l 
p osition  w ith  four angular se ttin g s  o f  th e  achrom atic  h alf-w ave p la te  polariser in  th e  
sequence 0, 45 , 22 .5 , 67 .5  degrees. T h e in stru m en ta l offset in  p o sitio n  angle o f  the  
electric vector  w as ca lib rated  by observing S106 and ad op tin g  th e  2 -^ m  p o lar isa tion  
values ob ta in ed  by T okunaga et al. (19 8 1 ) in a 6-arcsec b eam . F lu x  d en sity  ca lib ration  
at all three w avelengths w as ob ta in ed  b y  com parison  w ith  th e  8-arcsec p h o to m etry  o f  
C hapter 2 ; associa ted  ca lib ration  errors are around 10 per cent. In tegration  tim es o f  
120, 180 and 180 s per fram e gave lcr sta tis t ica l u n certa in ties o f  5 .3  X 10- 18, 8 .0  X 10~18 
and 4 .9  X 10-17 W m '2 ¿¿m-1 per p ixel at J, H and K , resp ectively . T h e  sp a tia l 
resolu tion  o f the observations w as see in g -lim ited , and so th e  im ages are properly  fu lly- 
sam pled. T he FW H M  of a  stellar im age w as ty p ica lly  2 arcsec at all three w avelen gth s.
P h o to m etry  o f th e  know n and n ew ly-id en tified  o b jects  w as done b y  in teg ra tin g  
inside circular apertures 5 , 8 or 13 p ixels in  d iam eter (i.e . 3 , 5 or 8 arcsec).
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6.3 Results
T h e m ain resu lts are con ta in ed  in F igs 6 .1 -6 .3 , w hich  show  con tou rs o f  sk y -su b tra cted  
surface b rightness at K , H and J w ith  p o larisa tion  vectors superim posed  on  every  
second p ixel. L ogarith m ic contours are used to  show  the presence o f num erous sm all 
sources in  th is part o f  W 75N . IR S-2 w as used as th e  a strom etric  stan d ard , at 20h3 6 m4 9 s .0 
+ 42°26 '39"  ±  1 arcsec (1 9 5 0 ). F ig . 6.4 show s th e  p olarised  in ten sity , and F ig . 6 .5  th e  
p olarisa tion  fraction , in  th e  K m osaic . C uts a long th e  lo n g itu d in a l ax is o f  th e  IR S-1 
reflection lob e  are show n in F ig . 6.6 for K surface b righ tn ess and  p o larisa tion  fraction  
plus H surface b rightness and H -K  colour.
T he surface b righ tn ess m ap in F ig. 6.1 c learly  fo llow s th e  general form  o f  th e  
8-a.rcsec observation s o f  C hapter 2, w hile the large im p rovem en t in  sp a tia l reso lu ­
tion  picks ou t m an y  im p o rta n t d eta ils not prev iou sly  accessib le . Sim ilarly, th e  size  
and orien ta tion  o f th e  p o larisa tion  vectors are con sisten t w ith  th e  20-arcsec reso lu tio n  
m easurem ents o f Y 88 . T h e 2 .2-/im  em ission  from  the peak  o f  th e  bright n eb u la  is  
~  20 per cent p olarised , increasing to  ~  50 per cent tow ards th e  sou th east and so u th . 
H ow ever, in stea d  o f there b ein g  ju st one large region o f  ex ten d ed  em ission , illu m in a ted  
by a single  source, there is also a second, sm aller and fa in ter reflection  n eb u la  centred  
on the bright source IR S-2 (offset -1 1 , -2 0 ) .
T he o b jects  IR S-2 and IR S-3 found in  C hapter 2 are n ow  seen  as brigh t p o in t  
sources at 2 g m , and th e  region denoted  IR S-1 is revealed  b y  th e  present o b serva tion s  
to  be h igh ly  stru ctu red , con sistin g  o f  bright p atch es o f  ex ten d ed  em ission . V ir tu a lly  
all the 2-/j.m flux from  th ese nebulous p atches is h igh ly  p o la r ised  and th ey  therefore  
con sist p rincipally  o f  sca ttered  p h oton s. T h e in ten sity  peak  a t offset ( + 4 ,  - 5 )  (w h ich  
hereafter in h erits th e  n am e IR S-1) is itse lf  also around 20 per cen t p o larised  and is th u s  
a knot o f  reflected lig h t rather than  a self-lum inous o b jec t, confirm ing th e  p o stu la tio n  
of Y 88 . On the other han d , at least three true sources do ex ist  c lose  to  IR S -1, id en tified  
as such by co in cid en t red u ction s in  the polarisa tion  fraction .
T h e H -band im a g e  o f  th e  central 38 X 36 arcsec (F ig . 6 .2 )  sh ow s overall s im ila r ity  
to  th e  sam e area at K , w ith  cen tro-sym m etric  p o la r isa tio n  up to  50 per cen t in  th e  
diffuse em ission  around IR S-1, th e  b righ test o b ject at th is  w a velen gth . H ow ever, th e  
new  n eb u la  a ssoc ia ted  w ith  IR S-2 is m uch reduced b o th  in  b righ tn ess and  e x te n t ,  
in d ica tin g  large ex tin c tio n s tow ards b o th  source and n ebu la . A t  J , w here th e  redden ing  
m ay be very m uch greater th an  at K , on ly  IR S-1 and one or tw o  nearby sources show
125
Polarization Vector Map - W75N K mosaic
Size = 110,105
100% Vector
R.A. o f f s e t  ( a r c s e c )
Figure 6 .1: K (2 .2-/rm) continuum  surface brightness and polarisa tion  m osa ic  o f  W 7 5 N . 
T he offset is a t th e  p o sitio n  o f  th e  O H /H II source H II(B ): 20h36m50s.0 + 4 2 °2 6 '5 9 "  
(1 9 5 0 ). Surface b rightness contours are at (0 .0 9 , 0 .25 , 0 .45 , 0 .79 , 1 .41 , 2 .5 0 , 4 .4 5 , 7 .91 , 
14.07, 2 5 .02 ) X 10-16 W m -2 /rm-1 per 0 .6-axcsec p ixel. T he direction  o f th e  p o la r isa tio n  
vectors in d ica tes th e  orientation  o f th e  e lectric vector  and the len g th  is p rop ortion a l to  
the degree o f p o larisa tion . 100 per cent p olarisation  w ould be represented  by a vector  
o f len gth  6 arcsec on the scale o f the m ap. V ectors are p lo tted  at every secon d  p ixel, 
for clarity. T h e  enhancem ent in  surface brightness to  th e  north  is  em ission  from  th e  
com pact HII region H II(A ).
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Polarization Vector Map - W75N H













1 0 . 0  -
- 20.0
+ 20 .0  + 10.0  0.0
100% Vector
- 10.0
R.A. o f f se t  ( a r c s e c )
Figure 6 .2: C ontinuum  surface brightness and p o larisa tion  m ap o f th e  cen tral region  
at 1 .6 5 /rm. T he offset centre is th e  sam e as in F ig . 6.1 Surface b r ig h tn ess  con tou rs  
are at (0 .2 5 , 0 .46, 0 .82 , 1 .46, 2 .60 , 4 .6 2 , 8 .2 1 ) x l 0 ~16 W m '2 /¿m-1 p er  0 .6 -arcsec p ixel. 
P olarisa tion  vectors are to  the sam e re la tive  scale as in  F igure 6 .1 .
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Polarization Vector Map - W75N J
Size = 62 ,58
100% Vector
R.A. o f f se t  ( a r c s e c )
F igure 6.3: C ontinuum  surface brightness and p o lar isa tion  m ap o f th e  cen tra l region  
at 1.25/rm. T he offset centre is th e  sam e as in  F ig . 6.1 Surface b righ tn ess contours  
are at (0.14, 0.33, 0.61, 0.84, 1.17, 1.63, 2.33)xl0~16 W m - V m ' 1 per p ixe l.
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up clearly, although IRS-2 and a source to the south of IRS-1 are marginally detected 
(Fig. 6.3). Most of the nebulous emission which dominates the picture at K  is no longer 
present, and the polarisation is weaker and less ordered than at the longer wavelengths, 
probably due to line-of-sight extinction and the effects of multiple scattering through 
foreground material, randomising the polarisation angles.
In addition to the previously identified bright objects IRS-1, IRS-2 and IRS-3 
there are a large number of weaker sources in the region. 39 new sources were detected 
within the area enclosed by Fig. 6.1 with K flux densities o f 2.0 X 10-16 W m ~ 2/im_1 
(K= 15.8 mag) or more. The photometric results are listed in Table 6.1, along with 
standard J-H and H-K colours, where possible.
The actual number of background sources is uncertain, as no sky observations 
were made at a sufficiently large offset to ensure that any detected sources were not 
associated with the W75N cluster. However, the sky frames used (at an offset of +100 
arcsec in R.A.) contained an average of 1.4 objects per square arcmin which were 
brighter than the above limit. This serves as an upper bound to the frequency of 
background stars and indicates a contamination fraction of no more than 5 per cent.
6 .4  D i s c u s s i o n
6.4.1 The Reflection Nebulae
The characteristic polarisation pattern of a reflection nebula is centro-symmetric, with 
the normals to the electric vectors of the scattered radiation converging at the source 
position. In Fig. 6.1 there are two such points of convergence, the first is coincident 
with the peak of IRS-2 and the second occurs inside a. roughly elliptical (12 X 6 arcsec) 
region centred at offset (-3, 0). This second convergence area is virtually coincident 
with the position of the OH maser source HII(B), and so the ionising star of this HII 
region is by far the most likely candidate for the source illuminating IRS-1 and the 
large reflection nebula.
6.4.1.1 IRS-1 -  The M ain N ebula
Like other reflection nebulae, W75N contains a high-velocity molecular outflow, first 
detected and mapped by Fischer et al. (1985). The outflow has subsequently been 
mapped in CO (J=l-0) at 15-arcsec resolution (Chapter 3), revealing a complex struc­
ture with a compact blue-shifted component peaking in the region between HII(B),
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Table 6.1: Continuum data obtained for all sources detected at J, H or K
Object Offset“ 
/arcsec
F\(J) /10_ 16 
Wm 2 fim 1
Fx(H) /10-1«
Wm 2 /tm 1
Fx(K) /10—16 







1 -32, -36 - - 14.3 3 - -
2 -32, -34 - - 10.2 3 - -
3 -32, -28 - - 21 5 - -
4 -31, -23 - - 5.0 3 - -
5 -31, —7 - - 5.4 3 - -
6 -31, +  11 - - 4.6 3 - -
7 -29, -41 - - 32 5 - -
8 -29, +  19 - - 3.6 3 - -
9 -28, +1 - - 3.3 3 - -
10 -25, +3 - - 7.1 3 - -
11 -23, -31 - - 5.8 3 - -
12 -23, -15 - - 3.9 3 - -
13 -23, -9 - - 2.5 3 - -
14 -22, -34 - - 5.8 3 - -
15 -19, -25 - - 41 5 - -
16 -19, +8 - - 3.5 3 - -
17 -13, +6 - - 2.2 3 - -
18 -12, -44 - - 17 5 - -
IRS-2 -11, -20 4 73 681 5 3.75 3.50
20 -8, +3 - - 2.1 3 - -
21 -8, +  16 - - 4.7 3 - -
22 -5, 0 - - 3.7 3 - -
23 -2 -42 - - 2.6 3 - -
24 -2, --10 - - 3.4 3 - -
25 +5, +8 - - 13 3 - -
26 +6, +3 - 10 29 3 - 2.3
27 +6, +16 - - 8 3 - -
28 +7, -22 4.9 20.0 - 3 2.2 -
29 +8, -3 10 77 157 3 2.8 1.9
30 +8, 0 - 19 54 3 - 2.3
31 +12, -23 - 8.0 20.8 3 - 2.4
32 +12, 0 - 9 23 3 - 2.1
33 +15, 0 - 8 17 3 - 2.0
34 +17, +4 - 3.7 10.8 3 - 2.3
35 +20, +1 - 4.2 13.3 3 - 2.4
36 +21, -31 - - 7.9 3 - -
37 + 21, -16 - 9 26 3 - 2.3
38 +21, +  13 - - 10 3 - -
IRS-3 +26, -15 - - 453 5 - -









° Offset from 0,0 (=20h36m50'.0, +42°26'59" (1950)) in Fig. 1.
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IRS-2 and IRS-3 (Fig 6.4). This blue flow lobe thus coincides with the large reflection 
nebulosity around IRS-1 and the implication is that the nebula consists of light scat­
tered from dust within a dense, swept-up shell around the outflow. Furthermore, the 
very low surface brightness emission at the southeastern extremity of this region shows 
a double-cusp structure as if tracing a limb-brightened shell. Formations of this kind 
associated with molecular outflows have been observed both in the infrared continuum 
(e.g. Mon R2: Yamashita et al. 1989) and in molecular lines. No extended near- 
infrared emission was detected coinciding with red-shifted molecular material, which 
appears in two discrete zones to the northeast and southwest of the source (Chapter 
3).
No 2-^m source was detected at the position of HII(B), which is only a few 
arcsec away from the IRS-1 peak. Both the total and polarised surface brightnesses 
fall very rapidly to the north and northwest of IRS-1. In fact, there is at least a fac­
tor of 20 drop in intensity, corresponding to A v > 30 mag, over a projected distance 
of ~ 12 arcsec, suggesting a similarly large column density gradient within the ob­
scuring material. This situation may be consistent with the presence of a dense disk 
around the luminosity source, tilted so as to obscure the second reflection lobe, and 
such a model was suggested by Y88. In this general region, the polarisation pattern 
ceases to be centro-symmetric and is instead rather linear, the vectors aligning roughly 
perpendicular to the axis of the bright reflection lobe (Fig. 6.1). Such a pattern is 
predicted by Bastien &: Menard (1988) from multiple (or secondary) scattering from 
an approximately edge-on disk around the luminosity source. Since the extinction is 
so high in this direction, emission observed in the direct line of sight to HII(B) is 
likely to have suffered multiple scattering. However, the high optical depth material is 
not constrained to be arranged in a disk structure and will tend to produce a similar 
linear vector pattern, provided a front ‘surface’ exists containing the final scatterers 
and the primary scatterers are in a region of lower optical depth material away from 
this surface. Hence, the pattern may be produced by photons reflected back from the 
brightly illuminated dust shell and off any large obscuring slab in front of the source. 
In addition, a rather large disk (>40 arcsec diameter) would be required to obscure 
the HII region and one complete half of a bipolar nebula, but no such structure has 
been detected, either in the submillimetre continuum (Chapter 4) or in the basic CS 
rotational transitions (Chapter 3). Further, no underlying velocity gradient that might 
indicate rotation of a large disk was found in the cloud core.
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R.A. offset (arcsec)
Figure 6.4: 12C0 (J=l-0) emission from the large molecular outflow in W75N. Solid 
contours represent the intensity in the red-shifted line wing, and the dashed contours 
show the blue-shifted emission. Taken from Chapter 3
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The polarisation fraction in the IRS-1 nebula increases from ~ 20 per cent, 
close to the luminosity source, to a maximum of ~ 50 per cent (20 arcsec to the 
southeast). This pattern is a familiar one in infrared and visual reflection nebulae, 
and is generally consistent with polarisation by surface scattering from dust grains 
in a roughly paraboloid shell around an outflow, in which the degree of polarisation 
increases with scattering angle (Yamashita et al. 1987; see Fig. 6.7). Hence the 
light from IRS-1 is scattered from material near the line of sight to each source and 
larger polarisation fractions are produced by larger scattering angles further out in 
the reflection lobes. Castelaz et al. (1985: hereafter C85) regard a similar increase in 
polarisation fraction, observed in GSS30 in Opliiucus, as too great to be due solely 
to the change in scattering angle. However, it is clear from a detailed examination of 
scattering models that the polarisation fraction can increase from zero to nearly 100 
per cent (less for non-spherical particles) at a scattering angle of 90 degrees (Bastien 
& Menard 1988)
6.4.1.2 The IRS-2 Nebula
The small nebula around IRS-2 shows up in the total intensity map (Fig. 6.1) only 
as a limited diffuse component around the source. The morphology of the scattered 
light, and hence of the distribution of scattering dust, is much more clearly seen in 
the map of polarised intensity (Fig. 6.5) and polarisation fraction (Fig. 6.6). These 
show two symmetrical lobes of scattered light separated by a straight lane of low 
polarisation across the source. It therefore seems certain that IRS-2 is generating a 
limited, probably lightly-collimated bipolar outflow of its own.
It was found in Chapters 2 & 5 that the hydrogen recombination lines from 
IRS-2 are anomalously strong and have non-Case B ratios, implying the presence of a 
massive, optically thick wind. If this wind is largely neutral, as modelled by Natta et 
al. (1988) it may be responsible for driving a larger-scale outflow which has swept up 
the dust shells forming the bipolar reflection nebula.
The decreased polarisation in the band across IRS-2 may be caused simply by 
an absence of scattering material between the two reflection lobes. However, it could 
also be due to multiple scattering through an edge-on, flattened structure. In this 
case, the variation in polarisation fraction (along a northeast-southwest cut across the 
source) indicates a half-maximum thickness of 6 ± 1 arcsec. At a distance of 2 kpc 
(Dickel, Dickel & Wilson 1978), this implies a physical thickness of 0.06 pc for the
133
C o n to u r  Map -  W75N K m o s a i c  p.i.
Size = 110,105 : C o n to u r s  = 10
R.A. offset (a rcsec)
Figure 6.5: Iv-band polarised intensity in the region covered by Figure 6.1. The con­
tours are Polarisation Fraction X Intensity and are placed at (0.05, 0.09, 0.18, 0.45, 
0.89, 1.33, 1.78, 2.22, 3.11, 4.45, 5.79)xl0-16 W m ' 2 fim-1 per pixel. The straight line 
represents the locus of the 1-D cut displayed in Fig. 6.7
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o - 2 0 . 0
6QJQ
-30.0
- 4 0 .0
-30.0 +20.0 +10.0 0.0 -10 .0  -2 0 .0  -30.0
R.A. offset  (a rcsec)
Figure 6.6: K-band polarisation fraction in the region covered by Figure 6.1. The 
variation is shown as a greyscale map from 0 per cent (white) to 50 per cent (black).
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obscuring slab. Within this region the polarisation fraction is reduced by nearly a 
factor of 10, indicating rsca(2/im) ~ 2.3. Assuming rsca is the main component of 
the reddening (c/ the high albedo derived by Leinert & Haas 1987 for dust in the 
postulated disk around ZCMa), A v ~ 22 mag (if Av = 9AK), similar to the value of 
A v = 25 mag derived from photometric data (see §5.4.3.1). If the slab is in the form 
of a flat cylinder of diameter ~ 0.12 pc, the total hydrogen column density conversion 
of Bohlin, Savage $z Drake (1978) (Nh2/Av = 9.36 X 1024 m -2 mag-1) yields a mass 
of only ~ 3 M 0 in this structure. This in turn implies a mean space density of about 
6 X 1010 m -3, if most of the gas is in molecular form. This is a relatively low particle 
density for such a formation and may mean that our hypothetical disk-like slab is not 
a dynamically active formation but perhaps a remnant of the density structure in the 
original cloud core which formed IRS-2. If the grain albedo at Iv were as low as 0.22, 
as predicted by Draine & Lee (1984: DL), the 2-//m optical depth would rise to ~ 10, 
which would be large enough to have completely obscured IRS-2. In this case, then, 
the modelled reduction in polarisation through increased column density would not 
be feasible, except that strong forward scattering from large grains (see §5.4.2) may 
significantly reduce the fraction of light scattered out of the beam, and produce a large 
‘effective’ albedo.
6 .4 .2  A n is o tr o p ic  S c a t t e r in g  fr o m  L arge  G r a in s
The present observations reveal a number of interesting features in the extended, re­
flected light. As well as a strong primary peak near the projected source position (i.e. 
IRS-1), where the polarisation fraction is still considerable but lower than in the rest 
of the nebula, there is a less bright and less compact secondary surface-brightness peak 
to the southeast (Fig. 6.1). This secondary peak, displaced ~ 15 arcsec down the pro­
jected outflow axis from IRS-1, is coincident with a local reduction in the polarisation 
fraction and a peak in both J-H and H-K colour (Fig. 6.7). At H (1.65 /im), the 
primary peak shifts a little away from the source position while the secondary moves 
4-5 arcsec in the opposite direction.
Features similar to those described above can be found in other asymmetric or 
unipolar infrared reflection nebulae (e.g. GSS 30 in Ophiucus: C85; SGS 1 in N G C  
1333: Castelaz et al. 1986, hereafter C86; G G D  27: Yamashita et al. 1987). C85 
and C86 assume that secondary surface brightness peaks are density enhancements 
in the scattering material. However, while this explanation could also account for
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Figure 6.7: The variation of four quantities in the extended emission along a line from 
offset (+17, -36) to (0, 0) in Figure 6.1 (see Fig. 6.5). (a) K surface brightness; (b) K 
polarisation fraction; (c) H surface brightness; (d) H-K colour index.
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the local colour change and the shift between the H and Iv peak positions through 
optical depth effects, it requires a remarkable similarity in physical structure between 
sources. Further, while an increase in the scattering optical depth, reca, will increase 
the scattered intensity when rsca is low, in order to produce a drop in polarisation 
fraction by the same method multiple scattering must occur, which requires a high 
T s c a . Unfortunately, an increase in density when r sca  is already high would produce 
either no change in surface brightness (for grain albedo = 1, i.e. no absorption) or a 
reduction (for an albedo < 1). The existence of a. patch of luminosity degrading the 
polarisation fraction is not a plausible explanation for the secondary surface brightness 
peaks since the polarised intensity does not change monotonically across the region 
(Fig. 6.4).
A sharp peak in the polarised light close to the source position in W75N was 
interpreted by Y88 as being due to strong forward scattering off material close to the 
line of sight to the luminosity source. Strong forward scattering is indicative of the 
anisotropic scattering functions of large grains with radii comparable to the observed 
wavelength {e.g. Van de Hulst 1957) while the small grain (Rayleigh) case produces 
a phase function which only varies very slowly with scattering angle. The presence 
of significant numbers of large grains (a ~ 0.5/tm) in similar sources was concluded 
by C85 and C86 from the wavelength dependence of the scattered intensity (see also 
Yamasliita et al. 1989). Despite the likely presence of a distribution of grain sizes, the 
dependence of the scattering cross-section on grain radius a means that light in the
l-¿im to 4-/rm region should be scattered preferentially by a very narrow range of large 
 ̂CL 1 f i m )  dust sizes.
The so-called M R N  interstellar grain size distribution (Mathis, Rumpl &  Nord- 
sieck 1977) suggests the power-law size distribution n ~ a-3.5±o.3 w jth an upper limit 
cut-off at a ~ 1 /¿m. The small-grain (a <C A) scattering cross-section is proportional 
to a6, becoming proportional to a3 for radii a > A (Van de Hulst 1957). Hence the 
intensity scattered by grains of a particular size rises as a~2-5, then becomes nearly 
constant between about A/5 and the upper cut-off radius of the distribution. Thus, 
when observed at 2.2 ¿¿m, the grains doing the majority of the scattering must lie in a 
very limited size range i.e. a = 0.5 /im - 1 gm. Since we see little or no light reflected 
by smaller grains, we can say little about the overall size distribution in the dust.
At longer wavelengths it thus appears that, dependent on the effective upper 
limit to the grain radius, large grains of nearly constant size scatter most of the ob­
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served light. The angular scattering pattern from spheres with radii comparable to 
the incident wavelength is strongly affected by diffraction. The intensity phase func­
tion, 4>(x,9sca) has a large peak in the forward (scattering angle 9sca — 0) direction 
and much smaller ancillary maxima and minima, appearing as 9sca increases (Van de 
Hulst 1957). A  wide size range in the most efficient scatterers would average out the 
smaller features, as the pattern shifts shifts to smaller scattering angles with increasing 
x = 2ira/\, but the mixture would remain strongly forward-scattering.
Since we have concluded that the dominant scatterers are large and we do not see 
a wide size range, anisotropic scattering effects may well be the cause of the observed 
surface brightness features. While the secondary maxima in theoretical scattering 
patterns are only a few per cent of the 9sca — 0 peak, the observed secondary peak 
in W75N is about 50 per cent as strong as the primary at K and 27 per cent at 
H (Fig. 6.6). However this is not difficult to explain, since the extinction along 
directions close to 9sca = 0 is extremely high (see §6.4.3.1) and the primary peak 
would be strongly suppressed (Fig. 6.8). The relative size of the secondary surface 
brightness peak is reduced at H, even though the extinction affecting the primary must 
be considerably larger than at K. This is consistent with increased averaging effects in 
the pattern at shorter wavelengths, where the size range of the effective scatterers is 
larger. Similarly, the shift of the second peak closer to the source is consistent with 
the expected shift of the scattering pattern to smaller 9sca at shorter wavelengths. 
This shift also explains the characteristic peak in H-K colour slightly beyond the K 
secondary surface brightness maximum. The movement of the primary in the opposite 
direction can be simply explained by higher extinction close to 9sca = 0. Finally, a 
further characteristic feature of single-size, large-grain scattering is that minima in 
the intensity phase function <t>(x,9sca) correspond to maxima in the polarisation phase 
function, just as is found in the current observations.
The IRS-2 reflection zone, as an example of an essentially symmetrical bipolar 
nebula, shows no strong peaks at all. This is understandable, in terms of the above 
discussion, if the outflow axis is roughly in the plane of the sky. In this case, the 
paraboloid or conical dust shells around the outflow which form the reflection nebula 
are orientated so that only a small range of large scattering angles are observed.
In conclusion, the surface brightness and polarisation fraction distributions in 
W75N and in other, similar sources support a theoretical expectation that observing 
reflected light in the 1 ¿xm to 2 fim band will select large grains in a narrow size range
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Light Scattered to Observer
Figure 6.8: Schematic of the scattering in an optically thin, paraboloid dust shell 
around a molecular outflow, showing how the scattering angle increases with projected 
distance from the source. Also shown is an example of the approximate variation of 
intensity and polarisation phase functions with scattering angle (adapted from Van de 
Hulst 1957 for particles with refractive index m  ~ 1.5 and size parameter a/A ~ 1.
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as the dominant scatterers. This dominance of large scatterers has no bearing on the 
relative numbers of such grains within the overall grain size distribution. However, 
the details of the angular scattering patterns of large particles are dependent on the 
optical properties of the scatterers. Hence, with careful observations it may be possible 
to obtain information on the grain shape and constitution in these regions. Strong 
forward scattering may also contribute to the apparent suppression of the backward- 
directed reflection lobe, corresponding to the red-shifted outflow, in many infrared 
reflection nebulae and the effect may not be the unambiguous signature of extinction 
through a large, tilted disk.
6 .4 .3  T h e  L u m in o s i ty  S o u r c e s
6.4.3.1 IRS-1 & IRS-2
The dominant object in the region is undoubtedly the ionising star within HII(B), since 
this is the main heating source (Chapter 4), the origin of the CO outflow (Chapter 3) 
and illuminates the bright reflection nebula. From the present observations it can be 
seen that, although IRS-1 is part of the reflection nebula and not a self-luminous object, 
the Bry detection towards it (Chapter 2) included at least three true sources within the 
20-arcsec beam. One of these (Object no. 29 in Table 6.1) was probably also included 
in the accompanying 5-arcsec resolution Bra observations. Thus, while HII(B) itself 
is too heavily extinguished to be a direct source of detectable recombination lines, 
we cannot now be certain of the origin of the observed lines without similarly high 
resolution observations and cannot use them to draw conclusions about the ionising 
source.
Although we cannot measure the near-infrared properties of the luminosity source 
directly, some information can be gathered via the reflected light in the associated 
nebula. Summing over the diffuse emission related to IRS-1, we obtain a total K  flux 
density of 5.8 X 10-13 W m -2/rm-1. The mean colours in the nebula are J-H = 2.5 
and H-K = 2.9. If the de-reddened source were a pure stellar (> 10,000 K) pho­
tosphere, the extinction law of Reike &: Lebofsky (1985: RL) predicts corresponding 
visual extinctions of 23 mag and 46 mag, respectively. Assuming the RL extinction 
law applies here, the large discrepancy indicates the presence of a much cooler photo­
sphere, dominating the Iv-band emission and significantly affecting the H-band also. 
This cooler source must be a region of hot dust close to the central star or stars of
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HII(B), reprocessing a significant fraction of the visible and U V  photons.
The presence of large amounts of hot dust makes the job of deducing intrin­
sic source parameters very uncertain, especially without recombination line data to 
provide constraints on the line-of-sight extinction. If it is assumed that the observed 
J-band flux is not heavily contaminated by dust em ission (i.e. that the dust temper­
ature, Td, is < 1,000 K, placing A = 1.25 /¡m well down the Wien side of the Planck 
function) then the extinction along the path of the reflected light can be estimated. 
Taking the source to be a single ZAMS 07 (Chapter 2) and adopting the theoretical 
grain albedo of Draine & Lee (1984: DL), the total observed J flux density (2.05 X10-14 
W m _2/im_1) indicates a value for A v = 16 mag. The RL extinction law in turn im­
plies an intrinsic J-H colour of 1.0, i.e. an H-band flux density nearly 3 times larger 
than that of a ZAMS 07. Similarly, if A v = 16 the intrinsic H-K colour is ~ 2.3 and 
the corresponding source colour temperature is TH_K ~ 850 K  which may be taken as 
an estimate of Tdust. This solves a problem encountered in Chapter 2, in which A v 
was calculated from J-H, assuming the H-band was also free of dust emission. This 
assumption resulted in over-estimates of A y and yields intrinsic source luminosities an 
order of magnitude or more higher than any O-type star at all three wavelengths. A 
blackbody of T = 850 K with the calculated de-reddened and de-reflected Iv-band lu­
minosity (Lk = 690 Lq) would contribute less than 20 per cent of the observed J-band 
emission, and so our assumption of a purely steHar photosphere at J is reasonable.
For a blackbody of T = 850 K, LK/Lboi — 0.04 and so Lbol for the reprocessed 
emission ~ 1.7 x 104 L0. The dust responsible therefore either reprocesses around 7 
per cent of the total radiative output from the central star or 7 per cent is the fraction 
that escapes via the reflection nebula. The high temperature of the dust indicates 
a location fairly close (< 100 A.U.) to the heating source: a spherical blackbody of 
104 L0 at. 850 K would be ~ 60 A.U. in diameter. The fraction of light reprocessed 
may indicate non-symmetrical geometry in the absorbing material. For instance, a 
thick circumstellar disk whose longitudinal cross-section has an opening angle of ~ 8 
degrees would intercept approximately 7 per cent of the light from a central star. The 
assumption of the DL albedos, RL extinction law and a central ZAMS 07 star therefore 
implies 16 mag of visual extinction along the path of the reflected light and a region 
of dust at ~ 850 Iv close to the star.
Unfortunately, the foregoing model contains many assumptions and is by no 
means unique; in particular, the choice of central source is not constrained. Table
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6.2 lists the main features of three alternative models with hotter but less luminous 
dust emission and higher extinction. If the central star is equivalent to a BO.5 ZAMS 
(required for the ionisation of HII(B) - Haschick et al. 1981), the main difference is 
that a much larger fraction of the initial stellar luminosity must be reprocessed through 
heating of the dust. The choice of grain albedo also affects the calculated parameters, a 
wavelength-independent scattering efficiency with negligible absorption means higher 
foreground extinctions and temperatures but lower dust luminosities.
A lower limit for the direct line-of-sight extinction to HII(B) can be estimated 
by assuming the ionising star is a single BO.5 ZAMS star with a K magnitude of 8.7 
at 2 kpc. The 3a upper limit to the surface brightness of any source within HII(B) 
implies an extinction of > 9.9 mag at 2.2 pm, or Av > 89 mag (from the RL extinction 
law). If the ionising star is as hot as 07, this rises to Av > 102 mag and, if the above 
model of an 07 star plus dust is accurate, the lower limit becomes A v > 133 mag.
The bright source IRS-2 was identified in Chapter 2 as a very young ionising 
source, possibly possessing a massive stellar wind and intrinsically anomalous (i.e. 
non-Case B) recombination line ratios. More recent spectroscopic data (Chapter 5) 
also show anomalous line ratios. The present observations have shown that the source 
has signs of a small bipolar outflow, perhaps driven by the mass-losing wind. Using a 
similar argument as employed for IRS-1 and assuming a total luminosity Lbol = 540 
Lq (Chapter 5), estimates of Tdust ~ 1, 000K and A v ~ 25 mag are obtained from the 
photometry of IRS-2 itself.
6 .4 .3 . 2  T h e  W 7 5 N  C l u s t e r
A  total of 39 new low-luminosity sources were detected within the region of sky covered 
by Fig. 6.1. The nine objects detected in the H-band frame (Fig. 6.2 & Table 6.1) all 
have very similar H-Iv colours (mean = 2.2 ± 0.2) and are therefore likely to be subject 
to similar reddening and occupy the same volume of space, since the fraction of new 
objects which consists of ‘background’ stars is probably less than 5 per cent, it is safe 
to assume that all the detected objects belong to a single cluster which has recently 
formed within the W75 cloud. The K  luminosity distribution of all 39 objects is shown 
as a histogram in Fig. 6.8, along with the same function for the 440 known sources 
in the Trapezium cluster in Orion (McCaughrean 1988). In order to compare the two 
samples a Kolmogorov-Smirnov test was applied to calculate the probability that they 
arise from the same population, or from a luminosity distribution common to young
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T a b le  6.2: D e riv e d  in tr in s ic  p a ra m e te rs  fo r th e  h o t d u s t c o m p o n e n t i l lu m in a t in g  IR S -1
ZAMSa Albedob K/mag





L j  / L j , s t a r
07 DL 16.2 23 2.6 850 1.7 X 104 0.21
1 19.4 8 1.7 1100 2.7 X 103 0.25
B0.5 DL 10.8 52 4.4 820 1.1 X  104 0.34
1 14.0 16 2.7 950 1.9 X 103 0.44
aAdopted spectral type for central star
6 Albedo model: DL = wavelength-independant graphite-silicate model of Draine & 
Lee (1984); 1 = wavelength-independant model, no absorption 
CAV derived from the observed J-ba.nd flux in the nebula, assuming no significant 
hot dust component and 100 per cent of the J-band luminosity escapes via the 
reflection nebula.
ciCalculated intrinsic Iv flux relative to that from the adopted ZAMS type 
eIntrinsic H-band flux, as above
f Colour temperature from calculated intrinsic H-K index
3Bolometric luminosity luminosity of the hot dust emission component implied by the 
de-reddened FK and TH_K 
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Figure 6.9: The Iv magnitude distribution in the detected members of the W75N 
cluster (solid lines). Superimposed (dotted lines) is the same distribution for the 440 
sources detected at Iv in the Trapezium cluster in Orion (McCaughrean 1988). The 
Trapezium sample has been shifted by +2 mag to equalise the median values and is 
scaled by 1/10.
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clusters. The W75N K magnitudes were binned in the same 0.5-mag intervals as used 
by McCaughrean. Since the Kolmogorov-Smirnov test is sensitive to median shifts, 
the Trapezium Sample was adjusted by adding 2 magnitudes to each bin, roughly 
equalising the median K magnitude with that of the W75N sample. This can be 
justified since account must be taken of (known) distance and (unknown) reddening 
differences. The test yielded a value for x2 of 1-1 with 2 degrees of freedom, which 
implies a probability of about 0.6 that the populations are the same. Thus, while the 
evidence is not conclusive that the underlying luminosity distributions are exactly the 
same, there is certainly no basis in the observations for rejecting this hypothesis. It is 
therefore quite plausible that the objects in W75N belong to a young cluster of stars 
similar to that already seen in Orion.
6 .5  C o n c l u s i o n s
Seeing-limited 1.25-^m to 2.2-pm imaging polarimetry has revealed two separate infra­
red reflection nebulae in W75N. The larger and brighter nebula associated with HII(B) 
shows evidence of shell structure coincident with the blue-sliifted lobe of the CO out­
flow. The 2.2-/im peak IRS-1 is found to be part of the reflection nebula, and is not 
a self-luminous object, although a number of true sources do exist in close proximity. 
The obscuration of the luminosity source within HII(B) is highly direction-dependent, 
with A w possibly greater than 130 mag along the direct line-of-sight but about 16 mag 
along the path of photons scattered in the nebula.
Comparison of the surface brightness distribution in the main nebula, with that 
in similar sources and with theoretical predictions shows that large grains in a narrow 
size range (a = 0.5 ¿zm to l^im) dominate the scattering of near-infrared radiation. 
However, since the observed wavelength selects the size of the dominant scatterers. little 
can be inferred about the relative numbers of such grains within the overall distribution 
of sizes. The dominance of large grains in the near-infrared should produce anisotropic 
intensity phase functions in the reflected light, with strong forward scattering. This 
may contribute to the asymmetric appearance of many infrared reflection nebulae, in 
which the lobe directed away from the observer is often heavily suppressed.
There is no evidence in the distribution of scattered light for any large (> 0.02 
pc) disk structure around the main luminosity source in W75N with which to associate 
the collimation of the CO outflow.
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The small, bipolar reflection nebula around IRS-2 indicates that this source is 
generating a small-scale outflow of its own. There may be evidence of a 0.1-pc disk­
like structure at the waist of the IRS-2 outflow but, if so, it appears to be of low mass 
(~ 2.5 Mg) and to be relatively diffuse (~ 5 x 1010 m -3).
Photometric analysis shows that a significant, amount of the observed near- 
infrared emission arises in regions of hot (800K to 1000K) dust close to the main 
luminosity sources. In the case of the dominant illuminating star, this dusty material 
does not appear to intercept and reprocess all the stellar emission, and may constitute 
the interior regions of a small disk. The likely presence, in the H-band, of significant 
emission from hot dust means that the J-H colour may not be a reliable indicator of 
extinction in these young objects.
39 new low-luminosity sources have been detected at 2.2 pm within a roughly 
70 arcsec square region around HII(B). Most of these objects appear to be part of a 
cluster of newly-formed stars associated with the main luminosity sources IRS-1, IRS-2 
and IRS-3. Their Iv luminosity distribution shows no statistical evidence of deviation 
from that found in the large Orion cluster.
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C h a p t e r  7
Conclusions
This thesis has been mainly concerned with an in-depth observational study of a single 
star formation region, W75N, undertaken in order to provide a comprehensive picture 
of the physical conditions in an environment that is forming high-mass stars. The im­
portance of such studies lies in testing the detailed implications of generally-applicable 
models of the physics of the star formation process.
7 .1  N e w  K n o w l e d g e  o f  W 7 5 N
Prior to this work, W75N was known to be a region of recent high-mass star formation 
lying in a large molecular cloud and containing a number of highly compact HII regions 
(and thus some young massive stars), one of which (HII(B)) has associated OH maser 
emission. A large (1-parsec scale) molecular outflow and a high-velocity H 2O maser 
source were also known to exist but the physical relationship between all these features 
was uncertain. The comprehensive set of data contained in the present work now allows 
the development of a detailed physical model of the region.
The two or three massive OB stars ionising the compact HII regions in W75N 
are part of an embedded young stellar cluster, revealed for the first time by near- 
infrared camera observations. The cluster consists largely of fainter, less luminous 
low-mass stars and the 2-/rm luminosity distribution of the observed members contains 
no evidence of any significant difference (e.g. in the underlying mass distribution) from 
the Trapezium association in Orion.
From the submillimetre continuum observations, the dominant luminosity source 
(with Lbol = 1.4 x 105 L0), responsible for heating most of the dust within the sur­
rounding cloud core, is that within HII(B). This object is so heavily obscured by 
the overlying column of dust (Av > 90 mag) that it is not detected at near-infrared
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wavelengths. The obscuration is, however, highly anisotropic and large amounts of 
near-infrared light escape via a bright reflection nebula.
Analysis of the emission in the reflection nebula shows that most of the scattered 
light originates in hot (~ 1000K) dust very close to the central star. The dust intercepts 
a significant fraction of the sliort-wavelength (optical and UV) photons from the star, 
is heated and re-radiates the energy into the near-infrared. The emission from this hot 
dust dominates the source continuum spectrum at wavelengths longer than 1.5 /rm.
The dense circumstellar material containing the hot dust is unlikely to constitute 
a spherical cocoon, but may be distributed in a disk or disk-like configuration orbiting 
the star. Active accretion of mass may be continuing via such a disk, despite the 
presence of an energetic outflow and large amounts of ionising radiation. The size of 
such a structure would be no greater than a few times 100 A.U.
Surrounding the central source and the associated hot dust is the volume of ionised 
gas constituting HII(B). This compact HII region extends out to between 0.03 and 0.05 
pc from the centre. The ionisation rate in this zone is significantly less than would be 
expected from the bolometric luminosity of the source. This may be explained by the 
interception of U V  photons by the circumstellar dust and by large amounts of dust in 
the body of the HII region itself.
At the boundary between the ionised gas and the molecular cloud core there is a 
region of semi-dissociated, dense gas in which the dust is heated to a few x 100K. It 
is from this region that the O H  maser emission is most likely to originate, since OH  
column densities here are considerably enhanced by the plioto-dissociation of H 2O.
From the morphology of the high-velocity CO, HII(B) is the most probable gen­
erating source of the large molecular outflow. It is the blue-shifted lobe of this outflow 
that has created the bright reflection nebula illuminated from within HII(B). The fast- 
moving molecular gas has swept away the high-density ambient material, leaving a 
path for the escape of near-infrared radiation. Where it emerges from the dense cloud 
core, the flow has produced a shell of dusty swept-up material which forms the nebula.
Large grains are expected to dominate the scattering of near-infrared light and 
the distribution of surface brightness and polarisation fraction in the HII(B) nebula 
is consistent with the effects of anisotropic scattering by dust of equivalent size to 
the observed wavelength. These are chiefly interference effects and are manifested in 
strong forward-directed scattering and secondary maxima and minima in the angular 
pattern.
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The polarisation vectors in the close vicinity of the main outflow source showed 
signs of the linear scattering pattern commonly thought to arise from scattering through 
an edge-on disk structure. However, this pattern should arise in any density distribu­
tion involving a flat ‘surface’ of final scatterers and there is no evidence in the 2-/rm 
surface brightness distribution for any large (> 0.01 pc) disk-like formation.
About 25 arcsec to the northeast of HII(B) (a projected distance of about 0.25 
pc) lies a somewhat more extended and probably more evolved ionised region known 
as HII(A), containing what may be a less massive ionising star (the ionisation rate 
is roughly equivalent to a ZAMS BO.5, but the l-/im to 20-^m luminosity is more 
indicative of ZAMS B3). HII(A) is no longer closely surrounded by very large amounts 
of high-density gas since it does not heat a large column of dust and does not influence 
the distribution of submillimetre continuum emission, even though it dominates the 
region at 20 ¿¿m. This object is considerably less extinguished than HII(B), being a 
bright near-infrared source, but the ionised zone does not appear to have yet reached 
the edge of the cloud core or formed a ‘blister’ HII region.
Approximately 25 arcsec to the southwest of HII(B) lies another bright 2-/im 
source, IRS-2. This object is found to have a l - / i m  to 20-/im luminosity of 540 L q ,  
which is likely to be a fair estimate of its total luminosity since the flux distribu­
tion is falling beyond 10/rm. Like HII(A), IRS-2 is considerably less reddened than 
HII(B) and may be situated closer to the front of the cloud core. This young ob­
ject is a strong source of hydrogen recombination lines, despite being an intermediate- 
luminosity source and having no detected radio continuum emission. The recombination- 
line ratios observed are consistent with those expected to arise in a dense, optically 
thick, mass-losing wind which may be either fully or partially ionised. IRS-2 is illumi­
nating a small bipolar reflection nebula of its own, which supports the implication of 
mass-loss in the hydrogen lines. The reflection lobes are rather wide with an uncolli­
mated appearance, suggesting the wind or outflow expands into a low-density medium. 
The near-infrared colours of IRS-2 indicate that, as in HII(B), a considerable amount 
of hot dust is lying close to the source.
The mid-infrared emission detected from close to HII(A), HII(B) and IRS-2 trace 
narrow regions of warm (~ 100K) dust where the temperature is falling rapidly with 
distance into the cloud. These zones are likely to be associated with the photo­
dissociation regions between the ionised gas and the surrounding molecular cloud.
Surrounding most or all of the stellar cluster is a dense core of molecular gas
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and dust, traced by CS rotational transitions from the gas and by thermal submil­
limetre continuum from the dust. Here the dust is cool (20K to 30K) with a shallow 
temperature gradient. In W75N the CS emission and submillimetre continuum fol­
low consistent morphologies in the cloud core, but the complementary submillimetre 
observations of AFGL 2591, which is a very similar type of source, apparently trace 
a quite different mass component to the CS lines. The latter appear to follow the 
more diffuse peripheral material and, presumably due to high opacities in the central 
regions, reveal little of the central structure of the core in that source.
The dense cloud core in W75N is very large, with a scale size of approximately
0.7 parsec and a mean density of about 1 X 1011 m -3, and contains between 1800 Mq  
and 2700 M 0 of material. The core is roughly symmetrical in overall shape with no 
sign of a large interstellar toroid or disk, or of any flattened structure. There is also 
no significant velocity gradient across the core that might be interpreted as rotation. 
However, there are clear physical features in the dense material that correspond directly 
to the morphology of the accompanying CO outflow and which illustrate how mutual 
interactions influence the structure and dynamics of both core and flow. The clearest 
of these features are the channel of reduced column density which contains the main 
red-shifted outflow lobe and the large clump of CS-tra.ced gas which causes an apparent 
bifurcation in the flow where the fast-moving material impacts upon the clump.
A  surprise was encountered in C 180 observations of the densest parts of the central 
core region, when a dense condensation was found to the east of that associated with 
HII(B). The mean density of both condensations is about 1 x 1012 m -3 and although 
the new core contains a mass comparable to the original, it does not appear to have a 
central heat source. This object deserves closer study since it may be in a very early 
(i.e. pre-collapse) stage of the star formation process.
In observations of CO it was found that the outflow is asymmetrical and pos­
sibly multi-polar, but that the individual flow lobes are well-collimated. Dynamical 
calculations showed that the dense core, as traced by CS emission, is able to contain 
and re-collimate the high-velocity material if the outflow were initially isotropic or 
expanding freely before it first impinges on the cloud. The width and opening angle 
of the flow at its base plus its irregular large-scale form indicate that it is not initially 
highly-directed, or that it soon loses any initial collimation. These conclusions sug­
gest that the outflow structure is determined chiefly by the density distribution in the 
surrounding cloud, as the fast-moving material takes the path of least resistance down
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the steepest density gradients.
The internal structure of the outflow is not that of a thin shell of material around 
a hot, expanding wind-blown bubble. Instead, molecular material fills the outflow 
channel, with slow-moving dense material near the sides (presumably mostly existing 
in clumps recently ablated from the channel walls). Faster-moving material, containing 
fewer regions of high enough density to excite CS, occupy the centre of the channel 
(suggesting that the dense clumps have been disrupted and accelerated as they move 
into the flow). Temperatures in the flow were found to be low (~ 15K) and similar 
to those in the ambient cloud, but the temperatures increased somewhat towards the 
central flow axis.
No sign of rotation was found in the CS core and it is unlikely that the observed 
large-scale (>0.1 pc) flow could be driven by rotation-powered magneto-hydrodynamic 
generating mechanisms, especially since the flow is not cylindrically symmetric. Al­
though a stellar-wind driven model appears much more likely, it may be that rotational 
energy-driven mechanisms, which also provide a means of shedding angular momen­
tum, operate on a small scale (<C 0.1 pc) close to the source and supply the initial 
kinetic energy.
7 .2  S o m e  I m p l i c a t i o n s  f o r  t h e  G e n e r a l  C a s e
Among the conclusions for the general picture of star formation that can be drawn 
from the present observations is that large interstellar disks or toroids are unnecessary 
for the production of collimated molecular outflows. On the largest scales, flow col- 
limation or re-collimation can be achieved through containment be the ambient core 
material. There is therefore no strict requirement for flows to be bipolar on such scales. 
Bipolarity may occur where overall toroidal symmetry has been induced in the cloud 
by significant rotation and, since all clouds must possess some angular momentum, 
bipolar flows may constitute the majority case.
Since fast-moving, cold molecular material is found to fill the outflow channel in 
W75N, molecular outflows cannot in general be energy-driven by hot bubbles created 
by stellar winds. Furthermore, since the ubiquity of the outflow phenomenon points 
to a single, universal generating mechanism, it is more likely that all outflows are 
momentum-driven and consist of molecular material accelerated and swept along ini­
tially by an energetic stellar wind. The initial driving process is still open to question,
152
however, and may be violent stellar surface activity producing a fast massive wind, 
or acceleration may occur on small scales through a magnetic-torque or centrifugally- 
driven process which also allows the young star to lose angular momentum.
The large, toroidal configurations of dense matter that have been observed in 
other sources probably have no dynamical relationship to the accompanying flows, 
except that they may be the remains of flattened structures that were already present 
in the pre-collapse clouds (formed either at random, or in the presence of rotation or 
ordered magnetic fields). The complementary observations of AFGL 2591 show that 
care must be taken in interpreting isolated molecular line observations. Saturation is 
easy to achieve in the lower rotational levels of CS and they cannot always be relied 
upon to trace the mass distribution in the central regions of cloud cores. Dynamically 
active disks are more likely to exist on very small scales where they would have a much 
larger specific energy and could play a part in driving outflows. Consistent with this, 
there is considerable circumstantial evidence for significant amounts of circumstellar 
material very close to the studied sources.
If the near-infrared photons from the reflection nebulae are scattered mostly from 
large grains (with radius ~ A) and the observed features in the surface brightness 
and polarisation fraction distributions are due to diffraction effects in the scattering 
phase functions then, although little can be deduced concerning the overall grain size 
distribution, it may be possible to gain much-needed information on intrinsic grain 
properties (e.g. shape and refractive index) upon which the scattering pattern depends. 
Large grains are strongly forward-scattering which will naturally tend to enhance the 
brightness of the nearer reflection lobe (associated with the blue-shifted outflow) in a 
bipolar source and reduce that of the further (red-shifted) lobe. It is clear that it is not 
necessary to invoke large obscuring, tilted disks to explain the ubiquitous suppression of 
the far lobe in such sources, as has often been done. A linear pattern in the polarisation 
vectors across the source is often taken as the signature of multiple scattering in an 
edge-on dense disk. However, it is possible to reproduce such a pattern with any 
roughly planar, high opacity ‘surface’ containing the secondary or final scatterers above 
which is a reduced-density ‘atmosphere’ of primary or penultimate scatterers. The 
presence of linear polarisation patterns is not, therefore, proof of the presence of a 
disk.
The finding that the H-band continuum emission can be severely contaminated by 
hot dust implies that J-H colour cannot be reliably used to measure the extinction in
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sucli young objects. This creates a non-trivial problem, since hydrogen recombination- 
line ratios cannot be used either for this purpose because classical Case B predictions 
may not be relevant, as shown by the spectroscopic observations of IRS-2.
The study of the W75N cluster is incomplete but its presence supports ideas of 
formation of high-mass stars within such groups. There may be evidence in W75N that 
high-mass star formation does not necessarily spell the end of star formation within 
a cloud, since the W75N cloud core is largely intact after approximately 105 yr of 
molecular outflow from the dominant source.
7 .3  T h o u g h t s  f o r  t h e  F u t u r e
Further observational studies such as this will be needed to extend the existing knowl­
edge of physical conditions in star-forming sources. It will be important to probe 
closer to the source of the molecular outflows for clues to the generating mechanism. 
High spatial resolution studies of the flows themselves with millimetre-wave array tele­
scopes will eventually reveal the collimation state on 0.01-pc scales. High sensitivity 
spectroscopy in the near-infrared (with new instruments and large-mirror telescopes) 
of hydrogen recombination lines and of the 2-pm and 4-/im CO vibrational transitions 
will probe the physics of the atomic and molecular flows in the close vicinity of the 
sources. A  rather more distant hope is that stellar structure theory (perhaps aided 
by space-vehicle observations of the Sun) may improve knowledge of steHax surface 
activity in relation to mass loss and outflow generation in very young stars.
Many young massive objects are heavily obscured in the near-infrared and studies 
of the scattering properties of interstellar grains may prove invaluable since scattered 
light is often contains the only information ‘direct’ from a source.
A number of questions still require answers in the larger picture of liigh-mass star 
formation which could be answered through imaging observations of young clusters. 
Information is required on the distribution of stellar masses soon after formation and 
whether this is correlated with the core temperature or density. Also, it is not known 
if clusters form all at once or sequentially and, if the latter, whether high- or low-mass 
stars form first and in what part of the cloud this happens.
154
A p p e n d ix  A
Derivation o f the Radiation Transport 
Equations used in Molecular Line L T E  
Analysis
The majority of this sequence of derivations was compiled from the literature by C .J. 
Chandler (personal communication)
The absorption coefficient for a transition between the rotational states J — j —* i is
k. ( vj t ) — [n j/ijj n.j B vj i )
47T
where is the line profile phase function of the transition. Therefore
,  , hua
TliBij47r
^  _ njBji 
Bij
But giB,j = g:B-j,, where gt and gj are the statistical weights of the two levels. Hence,
/ \ hvH n
47T
l - nj9i
î l i Ç j
/ \ i >
QyVji)- = —r~niBij47T
if local thermodynamic equilibrium (and so the Boltzmann population distribution) 
is assumed. Tex is the excitation temperature characterising the distribution and is 
defined by Ujgi/nigj = exp(— huji/kTex). We also know that the Einstein transition 
coefficients are related by
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Generally, where the total number of particles is n,
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where 2 is the partition function:




where the substitution vjto = BJ(J + 1) has been made. B = h/8ir2l is the rotation
constant, and X is the moment of inertia, of the molecule.
For hB <  kTex, the expression for Z can be approximated as an integral:
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which solves to give
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NOTE: this assumes that Tex is the same for all transitions.
We can now substitute for n̂ gj/g{ in equation 1. From equations 2 and 3,
il = y±yiLne->"'iolkTex _ liB
9i 9i 7 = 9jZkTP
-ne-hvi0/kTe;
so equation 1 becomes
«ta) = I1 -
The optical depth of the radiation is given by
dr{y) — k (u)dx
r(u) = J  n{y)dx ~ k(v)L
where L is the extent of the emittion region along the line of sight. Therefore
t(i/7i) ~ — <7,-—  e v r ’ 8tt kTP
hB r—/it/.n IkTex Ai*   ß~hvji/kTex
A  is the column density of material contributing to the line emission. If we substitute 
gj = 2j + 1 and vto = Bi(i + l),
t-O.i 4-11 H B  p-hBx{i+l)/kTcx^jj _  e~huji/kT,r(Vii) = 3 ^ (2 + <Kuji)N. (A .4)
We can also substitute for Aji:
1671-3 3 I 12A a —
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where |/r,j| is the dipole moment matrix element for the transition, summed over the 
three perendicular directions in space. It can be shown that |/ity|2 = /r2j/(2i + 3) for 
j —* j = * + 1 (Townes & Schawlow 1955). Then,
r(̂ ') = 3 7 ^ 2j + [x - (A.5)
In order to obtain an expression for the peak line optical depth, we can approximate 
f r(v)dv ~ t0Az2, where rD is the peak optical depth and Az/ = A/7r/(4ln2)x F W H M  
=  1.064 X  F W H M  for a Gaussian line. For a Doppler broa.dened line, F W H M  =  
A u  = U jiV / c .
For two adjacent transitions of the same species, J + l  —> J and J  —> J  — 1, it is possible 
to calculate the ratio of line optical depths. From equation 5, since f cj)(u)du = 1:
t ( J  +  1, J )  =  J ^ ( 2 J  +  3)— V ^ ^ e - * SJ(J+1)/fcr~  [i _  e-«B(J+i)/*Te,l jv. v ; 3e0hc kTexV h 2J + 3 L J
Hence the ratio of optical depths is
/  T  , 1 T \  /  T  I -I \  ^  — 2 / l ß (  J  +  lr( J  +  1, J) ( J +  1) - 2 h B J / k T ex V___________________ >_
t ( J, J  — 1) J  (l —  e ~ ‘2 h B J / kTcx)
J + 1 (l- c-2AB(J+i)/fcr„j 
=  — J (e2l,BJ/k-T„ _  '





where Ibg is the intensity of the microwave background at the frequency of the line and
_  2hu3 1 / _
¿1 (̂ßhu/kTcx - 1) V )
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Hence
T  -  —  
K ~ k (ehv/kT„ _  l )  êhu/kTbg _  ^
For t{v) <  1 and hv <C kT, this becomes
A r  —  r ( I / ) ( T ' e x  — T b g )
and for Tex »  T(,s,
Tr ~ r{v)Tex.
(A.7)
Thus equation 6 can be used to find the ratio of TR(J + 1, J) to TR(J, J — 1):
Tr(J+1,J) /J+l\2hB(J + l)fkTt
TR(J,J-l) V J J 2 hBJ/kTt
«7 + 1
j
which is true for optically thin transitions in the high excitation temperature limit.
From Equation 4, it is easy to obtain an expression for the column density of gas 
emitting in the measured line, in terms of the line temperature TR.
Nji 8?r kTex ̂hB, ( 1+1 )/kTcx(2j + l)c2 hD Aji 1 -  e~ j
ji/kTtx| 1 J  T(vj{)dv (A.8)
and from above,
JT(„)dv ~ ^ -  J TK(v)iv = ¿ /
To correct for optical depth, the factor r/( 1 — e r) is applied to the right hand side of 
equation 8.
In the case of J — 1 — 0 transitions the expression simplifies to
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A p p e n d i x  B
Gravitational Force on a Gaussian-distributed 
Cloud Core Around a Central Star
The radial distribution of density within an idealised cloud core is given by:
p ( r )  =  p0e~r2/2<72
Where pQ is the density at the centre of the core and a is the variance of the Gaussian 
distribution. Hence, for a central star of mass M«, the gravitational force exerted by 
the star on the core is:
F. = —4txpoGM. J ™  e-r2/2<r2 dr = — 4ttPoG M ^ a ,
since, when m  = 0 and a = 1/2a:
, _ F r - e - ^ i x  = rl(m + = , / G
The total cloud core mass M c\ is given by
rO O
M c\ = Airp0 [ r‘2e~r2/2a2 dr = p0(27r)3/2cr3,Jo
since
I “  "  2»’/2 ”  20.3/2 '
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Thus, the expression for the gravitational binding force on the cloud core material due 
to the star becomes:
F* = -4 ./fo- = -4t
‘(277)3/V 3 V 2
This ca.n be expressed in terms of the radius at half-maximum density in the core, r^, 
since a = ri/2/\/21n2. Hence,
o1 G M , M C\F* = -2 In 2-- 2— _
r i / 2
Secondly, the self-gravity or binding force within the core itself is given by:
Fd = (47t)2G  f  p(r) I r'2 p(r')dr'dr.
Jo Jo
This expression is easily approximated numerically, by assuming Fci = C.GM^/r2̂  
where C is a constant. C can be found by means of the following algorithm (C.J. 
Chandler, personal communication):
1. Initialise values of radius in the cloud (r) and radial mass distribution M{r).
2. Select step size A r and total number of steps.
3. For simplicity, assume r2̂ / In 2 = 2a2 = 1 and calculate the value of the following 
sum
M ( r )  = M ( r — A r)  +  r 2e ~ r  ̂Ar
4. Calculate the value of the following sum 
J(r) = I{r — Ar) + M(r)e~r2 Ar.
5. Increase the value of r by one step: r = r + Ar and return to Step 3. Repeat until 
the maximum number of steps is reached.
6. Since, from above,
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/ 7T \3/2
^  J l̂/2
and so
M 3 a ,
r\n  Vln2^ /V'1/2 ~ In2 ’
the constant C is given by
^  _ (47r)2Gp2/(rmax) 16 In 2 ^  ^
G7r3p2/ln2 - x j-
If Ar is chosen to be very small and the number of steps is very large, the calculated 
value of C approaches 0.252 asymptotically. Hence, the total gravitational binding 
force on the core is given by
FSrav - [(2ln2)M, + 0.25Mcl].
ri/2
This expression is a factor of 4 smaller than that given by Davidson &: Jaffe (1984) 
and by Gear et al. (1986) in the same terms. This difference is easily accounted for 
if the latter authors mistakenly defined r1(/2 as the full width at half maximum of the 
Gaussian density distribution, rather than the half-width or radius.
R e f e r e n c e s
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A p p e n d i x  C
Calculation o f  Integrated Flux from the M ap  
o f an Extended Source, Using a Single-point 
Calibration
The ideal way of finding the total flux from the ma.p of an extended source is to 
make an identical map of the flux calibrator. The problem is then a trivial one of 
aperture photometry, with the maps as the effective aperture. This method requires 
110 knowledge of the effective beam shape during the observations, nor assumptions of 
the source distribution and the sampling within the maps is accounted for. If the flux 
(density) of the point source standard is Fat and the uncalibrated surface brightnesses 
at each point i in the maps of object and standard are Vj(obj) and VJ(st) (in units of 
millivolts or ‘counts’), then the calibration for the target source is given by
and so the target flux is
Foh] = £  V-(obj) x C a l = £  U ° bj) X
If the map of the flux calibrator (usually an unresolved standard star), were sampled 
so that the central point fell on the position of the star, the strength at that point 
fpeak(st) would measure the total flux of the standard. A  calibration can be obtained 
in this case without mapping the star:
Cal(smgle point) =
164
th e re fo r e ,
_  E.-VK°Vj) X Cal(single point) 
obj “  E i  Vi(st) -  Vpeak(st)
The denominator is simply the ratio of the total coadded to the peak surface brightness 
in the hypothetical map of the standard. Since, if the beam profile is known accurately, 
it is possible to calculate this factor without actually making the map we can obtain an 
accurate total source flux for an extended target with just a single point calibration ob­




In this case the source flux is given by
Fobj = x Cal(single point).
4 .5 1
and only a single point calibration observation is required. Since many calibration 
measurements are usually necessary, this saves a large amount of observing time. One 
map of a point source may be required if the beam shape is not well known.
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Summary. Near-infrared observations around the OH maser source in W75N 
reveal new embedded sources, an infrared reflection nebula and extended 
molecular hydrogen emission. The brightest 2,um continuum source, IRS-1, may 
be either a peak in the reflection nebula or a self-luminous object, although the 
former requires very large near-infrared continuum and recombination bright­
ness from the true luminosity source. Confirmation of either model requires 
observations with higher spatial resolution. A second source, IRS-2, is a very 
young object with strong recombination lines but no accompanying 5 GHz con­
tinuum emission. Photometry indicates a visual extinction of 3=34 mag towards 
IRS-2, assuming a hot stellar photosphere. The source of luminosity in the 
reflection nebula has a ZAMS stellar type between BO.5 and 0 7  or equivalent, 
and is probably coincident with the ultracompact Hu region W75N(OH).
We have also mapped molecular hydrogen t>=l-0 5(1) emission in a slightly 
undersampled 1 .5x2 arcmin2 area. The total reddened luminosity detected in the 
line is —0.3 L0 . Energetics calculations show that either UV photons or CO 
outflow mechanical energy are sufficient to account for the H2 emission by 
fluorescence or shock-excitation. H2 line ratios fall between the values expected 
for the two mechanisms, suggesting that both may contribute.
Simple dynamical time-scales suggest that the various sources in this region are 
the result of coeval formation, if a north-south density gradient of around 10 per 
cent may be assumed in the original cloud.
1 Introduction
W75N is a bipolar CO outflow source and infrared-luminous region of recent star formation with 
an integrated IR A S  SKYFLUX luminosity of over 1O5L0 . It is embedded in a large molecular
cloud with average radial velocity near +9 km s-1 (Dickel, Dickel & Wilson 1978), at a distance of 
2kpc (Dickel, Wendker & Bieritz 1969) and is part of the Cygnus-X complex of dense molecular 
clouds. There are a number of radio, infrared and molecular line sources associated with the 
W75N region and Dickel et al. (1978), who have mapped the large-scale structure of this area in 
12CO and 13CO, suggest that these sources may be the products of an interaction between the 
W75N and nearby DR-21 molecular clouds.
The region contains a bright OH maser source W75N(OH) identified with a faint ultracompact 
H i i  region, H i i ( B ) ,  lying 25 arcsec to the south and 15arcsec to the west of a more extended Hu  
region, H i i ( A )  (Habing et al. 1974; Haschick et al. 1981). H i i ( A )  coincides with a 20/rm 
continuum peak (Wynn-Williams, Becklin & Neugebauer 1974) and is also a source of molecular 
hydrogen emission (Fischer, Righini-Cohen & Simon 1980). However, H n(B ), relatively less 
studied in the infrared, is also close to a high-velocity H:0  maser (Genzel & Downes 1977) and to 
the peak of the far-infrared emission that probably dominates the luminosity of this region 
(detected at 53 fxm by Harvey, Campbell & Hoffmann 1977). It has been shown that H n(B) is also 
a source of molecular hydrogen emission (Mountain et al. 1985a).
Fischer et al. (1985) have reported 12CO 7= 1-0  line profiles from W75N with a full width, at
0.1 K antenna temperature, of about 35 kms-1. This satisfies the criterion of Lada (1985) defining 
the presence of a high-velocity cold molecular outflow, i.e. that the full width at TA* 
(12CO)=0.1 K should be greater than 10 kms~*. These authors also mapped the region in the high- 
velocity wings of 12CO and discovered an apparently lightly collimated bipolar outflow centred 
near to the H i i ( A )  and H n(B ) sources, and extending out to about 1 .2pc from it.
In this paper we present new near-infrared observations of the W75N region including a 2 .2¡.tm 
continuum map covering a 64x48 arsec2 area centred near to W75N(OH). This map reveals a 
cluster of previously unobserved near-infrared continuum sources and an extensive 2/rm reflec­
tion nebula. Using photometry and Brackett line detections we estimate the extinction towards 
these sources and discuss the detailed structure of the region and the nature of the individual 
objects found. An undersampled map of molecular hydrogen u = l-0  5(1) detections is also 
presented covering a 1.5x2arcm in2 area. The strength, distribution and location of the emission 
is discussed in comparison with excitation models and the constraints they place on the energetics 
of the source.
2 Observations and results
All observations were made on the 3.8-m United Kingdom Infrared Telescope (UKIRT) on 
Mauna Kea, Hawaii. The 4/rm spectroscopy was done with a 5 arcsec aperture using the cooled 
grating spectrometer CGS2 as part of the UKIRT Service Observing Programme of 1986 October 
10. The 2fjm  mapping, photometry and spectroscopy were carried out with the UKIRT CVF 
spectrophotometer UKT-9 during three half nights of 1985 July 28-30. Photometry was done in a 
7.8 arcsec beam for the UKIRT filter set 7, H, K, and L ' and in a 5 arcsec beam for M. The H2, 
n = l-0  5(1) line was mapped with a ‘Queensgate’ 2/rm Fabry-Perot etalon with a resolution of 
—120 km s_1, used in an uncollim ated//36 beam in front of UKT-9 with a 19.6 arcsec sky aperture. 
Sky chopping was used in all observations, the beams being separated —130 arcsec east-west. The 
telescope pointing was accurate to about ± 3  arcsec throughout the observations.
Spectrometric and flux calibrations were obtained using NGC 7027 and standard stars from the 
UKIRT standards list. We assumed a line strength, in H2 u = l-0  5(1), of (2 .5± 0 .5 )x l0~ 15 W nr2 
for NGC7027, obtained by integrating the map of Beckwith et al. (1980) over the 19.6-arcsec 
aperture used for the 2fim  spectroscopic observations.
The 2.2/am continuum flux density map, made on a 4 arcsec grid with the 7.8 arcsec circular 
beam, is shown in Fig. 1. The offset centre is at 20h36m50i5 +42°26' 56" (1950). This is the peak of
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Figure 1. K  continuum  map. C ontours are at 2, 4, 10, 20, 30, . . .  , 8 0x lO _15W m '2/im_1 per 7.8 arcsec beam . The 
offset centre is a t 20h36m50‘o ;  +42°26' 56" (1950). The m ap is oversam pled at 4arcsec intervals.
the 2 /cm emission, and is about 3 arcsec south and 6 arcsec east of the position of W 75N(OH). The 
image has been slightly smoothed using a 2D Gaussian function with a sampling radius equivalent 
to the beam size. The map reveals a small cluster of previously undetected near infrared sources 
which we have designated (in order of 2/tm brightness) IRS-1, IRS-2, IRS-3. The latter two 
sources are pointlike while IRS-1 appears extended by —15 arcsec towards the south-east, with 
other slight extensions to the west and north-east. Fig. 1 also shows the existence of diffuse 2,«m 
emission extending over almost the whole area covered by the map, with low-level emission 
(< 2 x l0 " 15 Wm^/im“1 per beam) extending beyond the limits set by our observations.
Results of photometry measurements are given in Table 1 and Fig. 2 for IRS-1, IRS-2, IRS-3 
and a representative point in the extended nebula at offset 20 arcsec east, 12 arcsec north. IRS-1 
and IRS-2 are highly reddened, IRS-2 having an H -K = 3.5 and K - L '= 3.8, and typical points in 
the nebula have H -K — 2.3, similar to IRS-1. Flux calibrations were obtained using standard stars 
and the measurements of absolute flux from Vega by Mountain et al. (1985b).
Bry and Bra line strengths toward IRS-1 and IRS-2 are listed in Table 2. Two 2.05-2.30,wm 
CVF spectra taken at separate points in the extended nebula are displayed in Fig. 3(a) and (b) and
Table 1. 1-5/im  photom etry.
Source Offset M agnitude Implied A v
(arcsec) J H K L ' M (from J-i
IRS-1 0 0 14.0 11.3 9.2 7.0 _ 25
IRS-2 16W 16S 16.4* 12.8 9.3 5.5 4.3
mA\
IRS-3 24E 12S 12.7 10.9 9.6 _ _ 17
Diffuse nebula 20E 12N 17.6* 15.0 12.7 - - 3=24
*3a  upper limit.
-  indicates that no m easurem ent was made.
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Figure 2. Results of J H K L 'M  photom etry towards IRS-1, IRS-2, IRS-3 and a position in the diffuse nebula. The J 
m easurements of IRS-2 and the diffuse nebula are upper limits. Typical l a  errors are around 10 per cent.
Table 2. Recom bination line strengths.
Source O bserved line fluxes (10_16Wm~::)
Bry: 2.166/tm  (20arcsec beam ) B ra: 4.052um  (5arcsec beam)
IRS-1 1.0 (±0 .2 ) 1.2 (±0 .2)
IRS-2 1.2 (± 0 .2 ) 9 (± 1 )
each clearly shows the u = l -0  5(1) (2.122^m), u = l-0  5(0) (2.223/rm) and u = 2 - l 5(1) (2.248/rm) 
lines of molecular hydrogen.
To determine the extent and magnitude of the molecular hydrogen emission in the vicinity of 
H i i(B )  the u = l-0  5(1) line was mapped with a circular 19.6 arcsec beam on a 20 arcsec grid. At 
each point the line and continuum contributions were measured by stepping the Fabry-Perot 
(F.P.) off the line centre to a suitable continuum point, determined from initial CVF and F.P. 
scans. The total line-plus-continuum integration time per point was 8 s. The 5(1) line strengths are 
accurate to about 20 per cent, most of the error arising from uncertainties in the calibration. The 
results are shown in Fig. 4, overlayed on the 6-cm VLA map of Haschick et al. (1981). The H2 
emission is extended on a scale of order 120 arcsec which corresponds to 1.2 pc at 2 kpc. The 5(1) 
peak flux in Fig. 4 agrees well with 3xlO -16Wm-2, obtained from the CVF spectrum taken at 
IRS-1 with the same aperture.
3 Discussion
3.1 C O M P A C T  C O N T I N U U M  S O U R C E S  A N D  D I F F U S E  N E B U L A
The low-level, diffuse 2jum continuum emission in Fig. 1 clearly arises from an infrared reflection 
nebula. The alternative possibility of extended free-free emission is excluded since the 2/rm CVF
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Figure 3. 20arcsec resolution 2 .05-2.30/«n spectra showing molecular hydrogen lines originating from two points in 
the continuum  reflection nebula.
spectra (Fig. 3a and b) show an absence of Bry recombination lines in the nebula, and since no 
complementary extended radio emission is observed (Haschick et al. 1981, and Fig. 4). This 
conclusion is supported by continuum polarization observations at 2/rm by Yamashita et al. 
(1988) revealing polarization fractions of up to 50 per cent throughout the region of Fig. 1. Strong 
polarization (20 per cent) was observed towards the K  continuum peak, IRS-1, hinting that this 
may actually be a bright portion of the reflection nebula and not the source of illumination. The 
extended appearance of IRS-1 may indicate the presence of separate associated sources or patchy 
extended emission to the west, north-east and especially towards the south-east of the peak.
If IRS-1 were a hot (7 > 1 0 4K) self-luminous source then the J -H  colour of 2.7 mag (Table 1) 
would imply a visual extinction of A v—25 mag. Hence the Bra detected in a 5-arcsec beam 
towards IRS-1 would require a total Lyman continuum luminosity from the associated ionizing 
source of 3.7X1045 (±30 per cent) photon s'1 (assuming 104K, 1010nr3 and Menzel’s Case B: 
Brocklehurst 1971; Giles 1977). This is indicative of a B1/B0.5 ZAMS star (Thompson 1984), 
compatible with the type predicted for the star ionizing H n(B) (Haschick et al. 1981). However, 
the displacement of IRS-1 from H n(B) (Fig. 4) is well outside the telescope pointing error and 
theH ii region may coincide instead with the slight Western extension of IRS-1. The 2 /um peak is 
therefore more likely to be associated with a separate cluster member or with bright, extended 
emission.
No small-beam Bry flux is available to examine properly the Bra/Bry intensity ratio towards 
IRS-1. The line was detected in a 20-arcsec aperture during these observations, but we cannot say 
if the emitting source is IRS-1, H ii(B), extended reflected emission in the nebula or a combina­
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Figure 4. Map of the v = l - 0  5(1) line of m olecular hydrogen (thick contours) superposed on the 6-cm radio 
continuum map of Haschick etal. (1981). Contour levels are at 0 .3 ,1 .1 ,1 .9 a n d 2 .7 x l(F 16W n r: per 19.6 arcsec beam . 
The sampling grid is 2 0 x 2 0 arcsec2. D otted contours show the 2/tm  continuum  from Fig. 1.
tion of these. However, if the emission were solely from a single point source at IRS-1, the 
observed Brackett line ratio would be highly anomalous, being close to unity even without 
dereddening corrections. This makes it more likely that the Bry flux is contaminated by H n(B), 
or that the measured recombination lines are due to extended scattered emission in the nebula. 
Considering also the 20 per cent polarization fraction observed toward IRS-1 (Yamashita et al. 
1988), we might argue that the source is dominated by, or is purely, reflected light. In this case the 
illuminating object is considerably extinguished at 2/rm, and would be most probably associated 
with the ionizing source in or near H n (B ). This location is consistent with the pattern of 
polarization vectors observed in the nebula (Yamashita et al. 1988).
Since the assumption of a single point source at IRS-1 creates problems in interpreting the 
recombination line ratio, we should also examine whether the source can plausibly consist of 
scattered light. The main difficulty with such an analysis is the assumption of a suitable scattering 
efficiency or grain albedo for the reflecting material. Estimated parameters for a source at H n(B) 
illuminating IRS-1 are shown in Table 3 for two contrasting cases. The first uses the theoretical 
graphite/silicate mix albedos calculated by Draine & Lee (1984) and the second assumes 100 per 
cent scattering efficiency, independent of wavelength. The ‘pre-reflection’ values of J -H  colour 
and implied visual extinction (columns 1 and 2) are not greatly affected either way, but the 
Bra/Bry ratio and its associated extinction estimate are strongly altered by adopting the Draine 
& Lee albedos, as these fall rapidly between 2 and 4,wm. The photometric extinction estimate 
should therefore be the most reliable, especially since the source is identified in this case with a
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Table 3. Calculated param eters for a source illuminating IRS-1, coincident with H ii(B).
Albedo Pre-reflection Log (N Ly) ZAM S4 M k
J -H A v (J -H )‘ B ra /B ry A y  (Case B)b from B ra
D raine & Lee 2.9 27 37 (±9) 33-40 48.2±30% 0 8 -9 .3
Unity at all 2 2.7 25 10 (±3 ) 13-22 47.0±30% B 0/B 0.5 -7 .4
"Assumes source is an extinguished stellar photosphere, with Tell>104K, and the extinction law of 
R ieke & Lebofsky (1985).
•■Intrinsic ratio assumed to be 2.82 for 104K and 10l0m -3 (Giles 1977).
"ZAMS spectral type required to produce predicted num ber of Lyman continuum photons N Ly 
(Thompson 1984).
hot ionizing star. With better line data we would be able to say more about the grain scattering 
properties in this wavelength range. A flat albedo gives a Case B reddening estimate from 
Bra/Bry which is too small in comparison with A V(J-H ), while the Draine & Lee value is rather 
too high (columns 3 and 4). An intermediate 2,wm/4^m albedo ratio of ~ 1 .6  would provide 
better agreement; however, if a significant fraction of the reddening occurs within the reflecting 
material itself, optical depth effects will distort the J -H  colour and the Bra/Bry ratio. Such a 
distortion would increase the Bra/Bry value of A  v relative to the J -H  value by about the amount 
observed (10 mag) and may explain the mismatching of these estimates. This will be discussed in 
more detail in a later paper.
Columns 5 and 6 of Table 3 contain Case B Lyman continua and associated ZAMS spectral 
types for a source at H n(B ), calculated from the Bra towards IRS-1 and assuming a projected 
separation of 6 arcsec (reddening corrections are taken from the J -H  colours and the Draine & 
Lee 4,wm albedo is taken to be 0.06). In the first case the predicted spectral type is consistent with 
the IR A S  far-infrared luminosity of the region but not with the 5 GHz continuum measurements 
of Haschick et al. (1981), which imply an ionizing source for H ii(B ) of type BO.5; the ionization 
required in the second case is much more compatible with these radio data.
We may estimate an apparent K  magnitude for the central source by using Hubble’s relation for 
reflection nebulae, in the form given by Castelaz et al. (1985), which assumes 100 per cent 
scattering efficiency at the wavelength in question:
m*(/l) = —2.75+ w 'neb(/t)-51og10 8.
Here m*(A) is the derived apparent magnitude (at wavelength A) of the illuminating star, m'„eb(A) 
is the measured surface brightness of a point in the nebula (in mag arcsec~2) and 8 is the distance 
between nebula and source in arcsec. The relation yields absolute K  magnitudes for the illuminat­
ing object in the final column of Table 3. The value of -9 .3  obtained using the Draine & Lee 2jum 
albedo of 0.22 is implausibly bright, since the total IR A S  luminosity of the whole W75N region is 
1.3xlO5L0 : the latter luminosity, if from a dominant single source, limits the ZAMS spectral type 
to 0 7  at most, with absolute K  magnitude of -4 .3 . This problem may be resolvable in terms of a 
source with a low effective temperature (i.e. a few thousand K) which could be separate from the 
ionizing star. If the majority of the extinction occurs before reflection, it is also possible that the 
2,um source photosphere is spatially extended on a 0.01-0.1 pc scale and that the solid angle 
correction contained in Hubble’s relation is inapplicable. However, the corrections available are 
only just sufficient and must be viewed with caution; we cannot fully account for the Bra 
luminosity required by reflection which remains (in the Draine & Lee case) about an order of 
magnitude too large in comparison to the 5 GHz flux measurement of Haschick et al. (1981). This 
requires an optical depth of —2.5 at 5 GHz which is not unusual in ultracompact H n regions of the 
kind studied by Garay, Reid & Moran (1985), but may be hard to accept in a considerably larger 
H ii region such as this. The assumption of a high and roughly constant albedo for this dense
cloud-core environment appears to obviate the bulk of the foregoing problems; however, this 
produces a disagreement between extinction estimates which is opposite to that expected from 
optical depth effects within extended reflecting material.
It is clear that the present data will not allow us to draw positive conclusions on the nature of 
IRS-1 and it may be that the situation is confused by the presence of multiple sources coexisting in 
a very small region. Further observations are certainly necessary, including high spatial resolu­
tion maps of the continuum polarization and mid-infrared emission plus small-beam Bry observa­
tions around IRS-1 and H n(B).
IRS-2 is a deeply embedded, pointlike source with J -H > 3.6 implying A v3=34 mag along the 
line-of-sight. An ionization rate of (3 .8 ± 0 .4 )x l0 46s_l is implied by the Bra flux (3.Ox 10~15 Wm-2, 
dereddened according to Rieke & Lebofsky 1985), and is equivalent to the Lyman flux expected 
from a ZAMS BO.5-BO star (Thompson 1984). However, no 5 GHz continuum source has been 
detected at the position of IRS-2 to a 2.7 rnJy limit (Haschick et al. 1981 and Fig..4). Standard 
Case B recombination theory predicts a radio continuum flux density of ~  120 mJy at 5 GHz from 
an optically thin ionized region producing this amount of Bra emission.
As IRS-2 appears unresolved, we have made no beam-size correction to the Bra/Bry intensity 
ratio. Comparing the diffuse 2/rm continuum emission near IRS-2 with that at IRS-1, contamina­
tion of the large-beam Bry measurement by scattered photons should be an order of magnitude 
less than the observed flux. The intensity ratio for IRS-2 is thus 8±2, implying a Case B extinction 
of A v= 11-18 mag, much lower than the value obtained from the J -H  colour. If the J -H  extinction 
value is correct, then the intrinsic Bra/Bry ratio is around 0.8 (cf. the usual case B value of 2.82). 
Anomalous recombination line ratios are predicted by Simon et al. (1983) for very young, 
medium to low luminosity sources due to self-absorption of the Bra line in very dense ionized 
material. IRS-2 thus appears to be an extremely young, highly reddened stellar source, possibly 
having a very compact ionized region with a high continuum optical depth at cm wavelengths.
Little information has been gained on the third near-infrared source, IRS-3, except that it 
appears to be a somewhat less reddened (Av3=17 mag from the J -H  colour), point-like luminosity 
source. It is, however, close to an enhancement in the radio continuum map of Haschick et al. 
(1981) (see Fig. 4), but no recombination line observations were made toward this object.
3.2 H2 e m i s s i o n
By integrating over the map in Fig. 4, the total observed luminosity in the v = l-0  5(1) line is 
~0.3  L0 . If we use the arguments of Beckwith et al. (1980) and Fischer et al. (1985) and assume 
that most of the H2 vibrational radiation results from cooling behind an isothermal shock, then the 
power radiated in these lines should be approximately equal to the rate at which bulk energy is 
deposited in the gas. From the results of Fischer et al. (1985) the total energy in the CO flow 
should be ~ l x l 0 4OJ. If the flow has been steady, its age (tf) is ~ 2 .3 x l0 4yr, and the total H2 
energy radiated in all lines (taking the vibration-rotation temperature as Tv_r=2000 K) during this 
time is ~ l x l 0 39J. This assumes that the total power emitted in all H2 lines is 10-17 times that in 
the v = l-0  5(1) line (Shull & Hollenbach 1978). Thus the ratio of total energies is:
(Total H2 luminosityXif)/(C O  flow energy)~0.1.
Hence the outflow is energetic enough to power the H2 emission by shock excitation. For this ratio 
to exceed unity, there would have to be an average 1 /rm extinction of >2.5 mag across the whole 
region, and the likelihood of this is linked to the previous discussion of the nature of IRS-1. 
However, there are many assumptions made in calculating this ratio, as discussed by Fischer et al. 
(1985), and before we can ascribe the molecular line emission to post-shock cooling it is necessary 
to examine other excitation mechanisms.
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As the line emission appears predominantly near an infrared reflection nebula, it is necessary 
to examine the possibility that the H2 could be fluorescent, as reported by Gatley et al. (1987) in 
the visual reflection nebula NGC 2023 and by Sellgren (1986) for other visual reflection nebulae. 
Following the argument of Longmore, Robson & Jameson (1986), about 1 per cent of the total 
luminosity of a BO.5 star will be emitted in the non-ionizing 912-1108 A range responsible for 
fluorescence in H2. If 75 per cent of the emitted photons go into heating dust and the conversion 
efficiency into 1-0 5(1) photons is about 2 per cent (Black & Dalgarno 1976; Black & van 
Dishoeck 1987), then the total energy in the 2.122,«m line should be about 1.3 L0 . If the star is 
hotter than BO.5, then this figure increases rapidly. In fact, we observe —0.3 L0 and so fluorescent 
emission is energetically feasible. The short-fall in the observed emission could be due a higher 
UV absorption rate by dust or missed emission due to undersampling, but is most likely to be 
accounted for by extinction.
Calculations by Black & Dalgarno (1976) for fluorescent H2 predict [2-1 5 ( l) ] / [ l - 0  5(1)] and 
[1-0 5 (0 )] /[ l-0  5(1)] line ratios of 0.52 and 0.64 respectively. These values are generally 
consistent with the results of the more detailed strong field models of Black & van Dishoeck 
(1987). From the spectra in Fig. 3, the observed ratios are 0.3±0.1 and 0.5±0.1. If we assume a 
shock velocity of V's~15  km s_1 and a density n(H2) ~ 3 x  10u nr3 (the latter value calculated from 
CS line observations by Moore et al. , in preparation) the H2 shock-heated models of Kwan (1977) 
and Shull & Hollenbach (1978) give values of 0.2 for both ratios. The present data fit rather better 
to the UV fluorescence model, but not sufficiently so to rule out shock-excitation. The low ratios 
may suggest that the observed spectra are a "mixture’ of fluorescent and shock heated gas. Until 
further observations are made and more sophisticated H2 excitation codes developed it may be 
difficult to unambiguously differentiate between the two mechanisms from limited line ratio 
studies. The presence of a second strong peak coincident with the larger H n(A ) seems to point 
toward fluorescent emission there, due to UV radiation from the B0.5 ionizing star (Haschick et 
al. 1981) or to non-ionizing radiation from H n(B) impinging on enhanced density material 
surrounding H i i ( A ) .
3.3 C L U S T E R  E V O L U T I O N  A N D  M O R P H O L O G Y
W75N contains a cluster of young sources, spread over a region about 0.6 pc in size, which appear 
to display a sequence in relative age. The more extended, less embedded and so probably more 
evolved H ii region, H i i (A)  appears in the north, the more compact OH maser source H i i (B)  is 
central, and on the south end of this ‘line’ is the very young BN-type object, IRS-2 (see Fig. 4).
To examine if these sources are the result of sequential or coeval formation we can calculate the 
dynamical ages (rd) of the H n regions assuming an expansion rate of the order of the thermal 
sound speed —lOkms-1 (Ho, Haschick & Israel 1981), this also being the apparent expansion 
velocity of the maser spots near H n(B ), (Baart et al. 1986). This gives, for H i i ( A ) :  rd~ 8 x l 0 3yr; 
H i i ( B ) :  rd~ 4 x l 0 3yr and for IRS-2: rd<103yr. The upper limit on the IRS-2 age is calculated 
assuming the maximum size an optically thick 4.9 GHz emission region can have without being 
detected on the VLA map of Haschick et al. (1981) (O.larcsec or —200 a u ) ,  allowing for a 
departure from the assumed sound speed up to a factor —5 (Ho et al. 1981). If these age 
differences are the result of sequential star formation, the formation times (rf) would have to be of 
the same order as the differences in dynamical age.
A lower limit to the formation time can be set by the placental cloud free-fall time (rff) as given 
by Ho et al. (1981):
Tf> r ff= 4 .3 x  1010 H H 2)]-1'2 yr.
The differences in the observed dynamical time-scales are ~ 4 x l 0 3yr, requiring substantial pre­
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formation densities greater than 1014m~3, whereas the observed central density in the W75N 
region is only about 3x10" nr3 (Moore et al., in preparation) and there is no reason to suppose 
this figure was significantly higher in the past. Density inhomogeneities or a density gradient of 
only 10 per cent of the present-day value could, however, have produced formation times that 
differ by the range of observed dynamical ages. This suggests that the initial collapse to form these 
objects occurred at the same time, with differences in their dynamical ages resulting from a 
shallow north-south density gradient.
4 Conclusions
(i) Near-infrared observations of W75N have revealed a number of embedded objects in a 
region —0.6 pc in extent, close to the ultracompact H ii region and OH maser source. Surrounding 
them is an extensive infrared reflection nebula.
(ii) The brightest 2/um source, IRS-1, may be a reflection peak in the nebula, but this model 
requires a large excess near infrared continuum and recombination line luminosity from a purely 
stellar source coincident with the OH maser. It is possible to reconcile this excess with the total 
IR A S  luminosity of the region by assuming that the source has a considerably extended 
photosphere with a temperature of only a few thousand degrees, but the required recombination 
line output remains difficult to explain. The opposing conclusion that IRS-1 is a real source or a 
cluster of sources is equally probable, based on the present data. The limits on the ZAMS spectral 
type of the central source are BO.5 to 0 7 .
(iii) The second brightest 2 /¿m continuum source, IRS-2, is highly reddened (A  ̂ 3 4  mag) with 
a large recombination line flux although it has no associated 5GHz continuum emission. This 
object appears to be extremely young, possibly possessing a very dense and compact ionized 
region.
(iv) The extended molecular hydrogen u = l-0  5(1) emission has an observed luminosity of 
—0.3 L q. This can be accounted for by the post-shock cooling energy available from the CO flow 
in W75N. However, the H2 line ratios and energetics suggest a significant UV-fluorescence 
component to the excitation.
(v) The dynamical ages of the H ii regions are surprisingly small and differ by only a few per cent 
of possible free-fall formation times. This might be explained by coeval formation in a shallow 
density gradient (—10 per cent over the region) running north-south.
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Abstract
We present observations of K, band (2=2.2 ̂ m) polarization and CS 
.7=2-1 and 1-0 emission around GL 2591. The polarization map reveals an 
infrared reflection nebula extended (2'xl') to both east and west. The 
maps of CS lines delineate a dense disk (50" X 80"). The infrared reflection 
nebula and the bipolar CO flow are parallel to each other, and perpendicular 
to the CS disk. The density and the mass of the disk are derived to be 1 X 
105 cm-3 and 1000M®, respectively. The velocity gradient in the CS emis­
sion is nearly perpendicular to the major axis of the disk; this can be 
interpreted either as rotation about an axis tilted from the disk axis, or as 
contraction of the disk toward the central source.
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1. Introduction
The infrared source GL 2591 has been found to be typical of protostellar sources 
associated with large infrared polarization and a bipolar molecular flow. The ani­
sotropy of this source was first noticed with the discovery of large K band polarization 
of 9.0 % (Oishi et al. 1976). Recent CO measurements show that GL 2591 is associated 
with a bipolar molecular flow with lobes to the northeast and west of GL 2591 (Lada 
et al. 1984). Hodapp (1984) and Sato et al. (1985) showed, based on the fact that 
the direction of the bipolar CO flow is perpendicular to that of the infrared polariza­
tion of the central source for each object, that the infrared polarization of GL 2591, 
similar to that of a number of other young stellar objects, most likely arose from the 
anisotropic scattering of radiation.
More recent observations have shown further anisotropy to be present in the 
form of an infrared unipolar bubble in the K band (Forrest and Shure 1986) and a 
complex nebulosity in the / band [2=1.0 ;<m; Lenzen (1987)] extended in the direction 
of the blueshifted lobe of the bipolar molecular flow. In this paper, we present 
observations of CS /=2-l and 1-0 emission and Kband polarization maps and discuss 
the geometrical relation among the disk, the outflow, and the reflection nebulae.
2. Observations
2.1. K Band Polarimetry
Infrared observations were made on 19 August 1985 using the Kyoto polarimeter 
and the UKT 9 photometer equipped with an InSb photovoltaic detector on the 3.8-m 
United Kingdom Infrared Telescope (UKIRT). The polarimeter consisted of a 
rotating half-wave plate and a fixed wire-grid analyzer. The observational efficiency 
of polarization degree was measured to be 93 % by a laboratory experiment. Position 
angles were calibrated by taking the position angle of polarization of GL 2591 itself as 
171° in the K band (Lonsdale et al. 1980). We used a beam size of 20" with a chopping 
throw of 220" in the E-W direction. We made measurements on grid points with a 
spacing of 20" centered on the K band flux peak [R.A. (1950)=20127m35?8, Deck (1950) 
=40°01'14"]. In order to check contamination from field stars in the reference beam, 
we measured each grid point twice, with a reference at both east and west.
2.2. CS Line Mapping
The /=2-l and 1-0 transitions of CS at 98 and 49 GHz, respectively, and the J=
1-0 transition of C34S at 48 GHz were observed during 24-27 May 1986, using the 45- 
m millimeter-wave telescope of the Nobeyama Radio Observatory (NRO). All three 
transitions were observed simultaneously using the open-beam polarization splitter, 
the 100-GHz cooled mixer receiver, and the 35-50-GHz cooled mixer receiver with a
2-GHz instantaneous band width. The Tsys (SSB) of the 40-GHz and 100-GHz band 
receivers were 700-800 K and 500-700 K, respectively, including atmospheric effects
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at the zenith. The half-power beam width and the beam efficiency for the .7=2-1 
transition were 18" and 0.53, respectively, and 36" and 0.85 for the ,7=1-0 transition. 
The spectral resolution was 0.12 and 0.24 km s_I for lines at 98 and 49 GHz, respec­
tively.
A total of 99 points in the 90" (R.A.)x 110'YDecl.) area around GL 2591 were 
observed with a grid spacing of 10", with the center position (0, 0) at R.A. (1950)= 
20h27m35?2, Deck (1950)=40°01'09". The pointing accuracy was checked by ob­
serving the SiO maser source % Cyg at 86 GHz every 1 or 2 hr and the error was found 
to be typically less than 5" and 10" in the worst case. A position switching method 
was employed with one reference position [R.A. (1950)=20h30m, Deck (1950)=40°27'J 
for every three on-positions. Intensity calibrations using a rotating hot load were 
performed every 24 min.
3. Results
3.1. IR Polarization Mapping
The surface brightness and the polarization in the K band are shown in figure 1. 
The surface brightness (solid contours) obviously extends in the E-W direction and the 
western lobe is much brighter than the eastern one. The shape of the western lobe is 
similar to that of the 7 band image (Lenzen 1987) and the oval loop (8" diameter) in 
the K band (Forrest and Shure 1986), except for the fine structures.
Our polarization map shows the polarization vectors to be centrosymmetric
2 0 h 2 7 m 
R . A . (1950)
F ig . 1. S u rface  b rig h tn e ss  a n d  p o la r iz a tio n  m a p  o f  G L  2591 in th e  AT b a n d . S u rface  b r ig h t­
ness is sh o w n  by th e  so lid  c o n to u rs . C o n to u r  levels a re  2, 5, 10, 20, 50, 100, 200 x  
10~21 W  c m -2  / im " 1 a rc se c -2 . G L  2591 itse lf  is lo c a te d  a t  a n  in ten sity  p e a k  [R .A . 
(1 9 5 0 )= 2 0 h27m3 5 t8 , D eck  (1 9 5 0 )= 4 0 ° 0 1 T 4 "  (L a d a  e t a l. 1984)]. E a c h  b a r  in d ica tes  
th e  deg ree  a n d  th e  d irec tio n  o f  p o la r iz a tio n  a t  th e  p o s itio n  d e n o te d  by  a  filled circle. 
A  p o la r iz a tio n  o f  2 0 %  is d isp lay ed  by th e  b a r  in th e  lo w er left co rn e r . T h e  b e a m  size 
o f  2 0 "  is in d ica ted  by th e  h a tc h e d  circ le . T h e  th in  b a rs  a re  f ro m  H o d a p p  e t al. 
(1984).
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Fig . 2. U p p e r  th re e : T h e  profiles o f  C 32S 7 = 2 - 1 , 7 =  1 -0 , a n d  C 34S 7 = 1 - 0  lines a t  th e  m ap  
cen ter. B o tto m : T h e  in ten sity  r a t io  o f  th e  CS 7 = 2 - 1  line to  th e  1 -0  line a f te r  c o rre c ­
tio n  fo r  d ifferen t beam  sizes a n d  b eam  efficiencies.
centered on GL 2591 itself. The polarization degrees are large in the east and west 
compared with those in the north and south. The small polarization at the intensity 
peaks 60" west and 40" east of GL 2591 is caused by the contamination from field 
stars which are visible on the prints of Palomar Sky Survey.
3.2. CS Observations
Figure 2 shows the profiles of the CS 7=2-1, 1-0 and C34S 7=2-1 lines toward 
the map center. The emission of both the 7=2-1 and 1=0 lines shows a F W H M  
of about 3 km s_1 with a maximum intensity around FLSR= — 6 km s_1. This velocity 
is in good agreement with those of CO (Lada et al. 1984) and NFL (Takano et al. 
1986). We obtained an optical depth for the C32S 7=1-0 line of 1.8±0.6 using an 
intensity ratio 13±3 of the C32S 7=1-0 (11.4̂ 0.2 K km s_1) to the C34S 7=1-0 
(0.9d:0.2 K km s-1) lines integrated in the velocity range of — 8 to — 4 km s_1. We 
assumed, in the calculation, that the C32S and the C34S molecules have the same ex­
citation temperature, i.e., we negelcted effects of radiation trapping. The abundance 
ratio, C32S/C34S, was assumed to be equal to the terrestrial value of 23.
Maps of the 7=2-1 and 1-0 transitions, integrated over the main component 
(— 8 to — 4 km s_1), are shown in figures 3a and 3b. A slight displacement (<5") 
between the intensity peaks of the 7=2-1 and 1-0 transitions may probably be due 
to the squint of the two beams. Figure 3c displays the wing component of the 7= 
1-0 transition, which extends to the north as in the case of CO molecular emission 
(figure 7). The size of the compact CS emission is 50" x 80" (figure 3a), which cor­
responds to a linear size of 0.5 pcx0.8 pc at a distance of 2 kpc (Merrill and Soifer
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J = 2 -  1 J = 1 -  0 J = 1 -  0
R.A. (1950) 20h 27m
F ig . 3. (a) M a p  o f  th e  C S 7 = 2 - 1  em iss io n  in te g ra te d  o v e r th e  velocity  ran g e  fro m  —8 to  
—4 k m  s -1  (m a in  c o m p o n e n t) . T h e  c o n to u rs  a re  sp a ced  by  1.5 K  k m  s _1. T h e  beam  
size is sh o w n  by  th e  h a tc h e d  circ le , (b ) M a p  o f  th e  7 =  1 -0  em iss io n . D es ig n a tio n s  
a re  th e  sa m e  a s  in (a) ex cep t f o r  a  c o n to u r  in te rv a l o f  2  K  k m  s-1. (c) M a p  o f  th e  
w ing co m p o n en ts . T h e  b lu esh ifted  c o m p o n e n t ( — 12 to  —9 k m  s _1) a n d  red sh if ted  
c o m p o n e n t ( —3 to  0 k m  s_1) a re  in d ica ted  by  th e  d ash e d  a n d  th e  d o tte d  c o n to u rs , re ­
spectively , sp aced  by 1 K  k m  s -1 .
J = 2 - 1
R.A. (1950) 20h 27m
F ig . 4 . \ T k * d v  m ap  o f  th e  CS 7 = 2 - 1  em iss io n  fo r  ve locity  ran g es o f  (a) KLSE= — 7.5 to  
—6.5 k m  s_1, (b) KLSr = — 6.5 to  —5 .5 k m s _1, a n d  (c) F LSr = — 5.5 to  - 4 . 5  k m s ' 1. 
C o n to u rs  a re  sp aced  by 0.45 K  k m  s -1 . T h e  p o sitio n  o f  th e  in fra re d  so u rce , R .A .(1950) 
= 2 0 1127m35!6 , D e c l.(1 9 5 0 )= 4 0 ° 0 1 T 6 "  (L a d a  e t  a l. 1984), is in d ica ted  by th e  cross. 
T h e  b eam  size is show n  by th e  h a tc h e d  circle .
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J = 1 - 0
R.A. (1950) 20h 27m
F ig . 5. ^ T k * d v  m ap  o f  th e  CS 7 = 1 - 0  em ission . D e s ig n a tio n s  a re  th e  sa m e  as fo r  figure
4 excep t fo r  a  c o n to u r  in te rv a l o f  0 .6  K  k m  s -1 .
1974), comparable with that of the N H 3 condensation observed with a 40" beam 
(Takano et al. 1986). The high-resolution CS maps reveal interesting structures 
which are not seen in the N H 3 maps. The 7= 1-0 contours (figure 3b) are elongated 
in the N-S direction. A weak emission extending to the east is seen, although the 
present observation does not cover the entire region of the feature. The 7=2-1 
emission (figure 3a), observed with a smaller beam, shows similar overall features 
but the central condensation is more compact and its shape is slightly different from 
the CS 7=l-0map. The low-level (5TA*clv<3 K km s-1) contours agree well with 
those of the 7=1-0 emission but the high-level ([TA*dv>6 K  km s_1) contours are 
elongated in the E-W direction, i.e., orthogonal to the low-level contours. The 
weak emission extending to the east is also seen clearly in the ,7=2-1 map.
The CS maps for three velocity ranges from — 7.5 to — 4.5 km s_1 (figures 4a-4c 
and 5a-5c) show a shift of position of the emission peak nearly in the E-W direction, 
although it is not so clear in the CS 7=1-0 line. This shift is obviously seen in the 
position velocity (P-V) diagram for both ,7=2-1 and the 1-0 lines (figure 6). Gaussian 
fitting for the line profile was made at each position and the Gaussian peaks obtained 
are displayed as filled circles in figure 6. The dashed lines in figure 6 are the results 
of the least-squares fit among these peaks. The resultant velocity gradients in the 
E-W direction are 1.2+0.2 and 0.9+0.3 km s-1 pc_1 for the .7=2-1 and the 1-0 lines, 
respectively, and those in the N-S direction are 0.4+0.2 and 0.3+0.2 km s-1 pc_1 
for the 7= 2-1 and the 1-0 lines, respectively. The smaller gradients for the ,7=1-0 
line than those for the .7=2-1 would be due to larger beam size for the 7=1-0 line. 
Therefore, we adopt the larger gradients of the 7=2-1 line hereafter in this paper. 
The velocity gradient in the plane of the sky is 1.3+0.2 km s_1 pc_1 with a position 
angle of 70°+10°, which is smaller than and nearly orthogonal to that of the N H 3
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R.A.(1950) 20h27m
F ig . 7. T h e  sch em atic  co n fig u ra tio n  o f  th e  CS d isk , in fra re d  reflec tion  n eb u la , a n d  th e  C O  
b ip o la r  flow . T h e  m a in  c o m p o n e n t o f  th e  CS J =  1 -0  lin e  ( —8 to  —4 k m  s -1) is show n  
by  th e  so lid  c o n to u rs . T h e  e x ten t o f  th e  in fra re d  reflec tion  n e b u la  is in d ica ted  by the  
sh a d ed  a rea . T h e  re d  a n d  b lu e  w ings o f  th e  C O  1 -0  lin e  a re  d isp lay ed  by  th e  d ash ed  
a n d  d o tte d  c o n to u rs , respec tive ly . S om e o f  th e  c o n to u r  lines a re  m a d e  th in  to  avo id  
co m p lica tio n . T h e  low est c o n to u rs  o f  b o th  th e  red  a n d  b lu e  w ings a re  f ro m  L a d a  
e t a l. (1984) a n d  h ig h e r c o n to u rs  a re  f ro m  o b se rv a tio n s  u sin g  th e  N R O  45-m  telescope.
observations [2.3 km s~‘ pc“1 in NW-SE direction; Takano et al. (1986)]. Also these 
diagrams show a weak blueshifted wing toward the north, though it is not so obvious 
in the CS 1-0 line.
4. Discussion
4.1. Geometrical Configuration
The emission in the K band has an extent of about 2' in the E-W direction (figure 
1). The western side, where the blueshifted lobe of the CO bipolar flow is seen (Lada 
et al. 1984), is much brighter than the eastern side in the .Kband. This is consistent 
with the general tendency that the optical and the infrared nebulosities are more promi­
nent in the blueshifted component than in the redshifted component of a bipolar flow 
[e.g., L1551 IRS 5: Draper et al. (1985); Strom et al. (1985); Nagata et al. (1986); 
Kaifu (1986)]. This tendency is explained by the presence of a tilted disk, which 
obscures the nebula on the redshifted side. The degrees of polarization are large in 
the direction of the extension (E-W) compared with those in the N-S direction. Multiple 
scattering, which reduces the degree of polarization,will occur in a dense region, while 
single scattering, which produces large polarization, will occur in a diffuse region
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(Yamashita et al. 1987). Therefore, the surface brightness and the polarization of 
GL 2591 in the K band indicate the presence of a dense material, which is probably 
disk-shaped, extends in the N-S direction, and tilts with respect to the line of sight.
Contour maps of both the CS /=2-l and the 1-0 emission lines show an elongated 
shape in the N-S direction (figures 3a and 3b). This orientation of the CS condensa­
tion, perpendicular both to the direction of the CO bipolar flow and to the extension of 
the reflection nebula, is consistent with the geometry found in several star forming 
regions, as revealed by Kaifu et al. (1984), Hasegawa et al. (1984), Takano et al. 
(1984), Kawabe et al. (1984), and Kaifu (1986).
The CO outflow data presented by Lada et al. (1984) do not show bipolarity in 
the E-W direction; the blueshifted lobe extends to the west, but the red one does to the 
northeast. However, our recent high-resolution (17") CO observations with the 
NRO 45-m telescope show that in the vicinity (on a scale of 100") of GL 2591, the blue- 
and the red-shifted lobes are separeted in the E-W direction with a flow center displaced 
by 20" to the north of GL 2591 (figure 7). Thus, the anisotropic phenomena are 
well arranged in this star forming region; the bipolar CO flow and the infrared re­
flection nebula are parallel to each other and are perpendicular to the CS disk.
4.2. The Illuminating Source
Polarization mapping has been used to identify the illuminating source in star 
forming regions [Ori BN/KL: Werner et al. (1983) and Hough et al. (1986), Cep A: 
Lenzen et al. (1984), S140: Joyce and Simon (1986), GSS 30: Castelaz et al. (1985), 
GGD27 IRS: Yamashita et al. (1987)] from the convergence of normals to the polariza­
tion vectors. The normals of the polarization vectors of our map, together with that 
of Hodapp (1984), point to an area around the infrared source GL 2591 within an 
accuracy of 10". There exist an infrared source, an H aO maser (Wynn-Williams et 
al. 1977), and four compact H u  regions (Campbell 1984) in this area. None of the 
four radio sources is coincident with GL 2591 and there appears to be no strong 2-^m 
or 10-,«m source at any of the positions of the radio and H 20 maser sources (Lada et 
al. 1984). Since GL 2591 is a unique strong infrared source, it is most likely that GL 
2591 is the source responsible for illuminating the infrared reflection nebula, unless 
infrared sources associated with the radio sources are heavily obscured even at the 
infrared wavelengths. Infrared photons from GL 2591 escape through the cavity of 
the disk toward east and west along with the bipolar CO flow, and are scattered by the 
dust on the wall of the cavity.
4.3. The Disk
The GL 2591 infrared reflection nebula and the CS disk are found to satisfy the 
geometrical relationship expected for a star forming region. We now examine the 
CS disk in detail, and discuss the velocity gradient which exists in a direction nearly 
orthogonal to the major axis of the disk.
In figure 3 the map of the CS .7=1-0 line delineates a shape elongated in the N-S 
direction, while that of the .7=2-1 line shows an elongation in the E-W direction near 
the peak with the overall structure extending in the N-S direction. This E-W elonga­
tion could be an optical depth effect resulting from the presence of the velocity gradient.
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Generally speaking, optical thickness of the CS J= 2-1 line is larger than that of the 
J— 1-0 line due to larger intrinsic line strength of the former. In addition, the large 
velocity gradient in the E-W direction might relieve the saturation of ,7=2-1 line, 
allowing us to see warmer inner part, and resulting in the E-W elongation near the 
peak.
The density of the disk is derived from the intensity ratio of the CS .7=2-1 line to 
the 1-0 line using an LVG model (Linke and Goldsmith 1980) and assuming a kinetic 
temperature of 50 K derived from the Trot of N H 3 (Takano 1986). The ratios [R= 
TR(2-l)/rE(l-0)] at the map center are calculated after the convolution of the beam 
sizes and correction for the beam efficiencies for both the .7=2-1 and the 1-0 lines, 
and are plotted against the LSR velocity at the bottom of figure 2. The typical value 
of R is 1.5±0.2 for VLSR= — 4 to — 8 km s-1, leading to an EE density of 1 X 105 cm-3. 
The size of the disk is estimated to be 50"x80" (thickness X diameter), or 0.5 pcx
0.8 pc assuming the distance to GL 2591 of 2 kpc, at the half intensity levels of the 
CS .7=1-0 map. Then the mass of the disk is calculated to be about 100047® assuming 
a filling factor of unity.
This mass is about one order of magnitude larger than that derived from the 
N H 3 observations by Takano et al. (1986), assuming the abundance ratio of N H S to 
be 10-8. However, this ratio may vary by an order of magnitude because of the 
changes in the production efficiency of N H 3 in interstellar clouds (Graedel et al. 1982). 
Although the filling factor for CS is not known, we take 1000 47® as the disk mass for 
the remainder of this paper.
The velocity gradient is found to be 1.4̂ 0.2 km s_1 pc-1 with a position angle of 
70ozbl0o> approximately orthogonal to the elongation (P.A. ~0°) of the CS disk. We 
will examine three possible interpretations of this velocity gradient: (1) very low velocity 
components of a CS bipolar flow or an expanding motion of the disk influenced by 
an outflow, (2) rotation of the disk about an axis tilted from the geometrical axis of the 
disk, and (3) contraction of the disk.
The first case, that the E-W velocity gradient may be due to a CS flow with very 
low velocity (<1 km s_1), does not require an unfamilier ldnematical model. Such a 
low velocity flow might occur in the interacting region between the disk and the CO 
flow. However, the velocity gradient under discussion represents a motion of the 
dense core, not of the wing. In addition, the relatively dense part of the flow is ac­
tually seen 20" north of the map center in the CS emission (figure 3c), whose spatial 
extent is similar to that of the CO wing (figure 7). Then this spatial displacement 
excludes the possibility that the dense core is dynamically affected by the flow, unlike 
an expanding torus around Orion IRc 2 (Plambeck et al. 1982). In addition, the 
direction of the gradient corresponds to a contraction, if we assume it to represent a 
radial motion of the disk. Therefore, the observed velocity gradient is not likely to 
be due to emission from dense gas in the flow nor to expanding motion of the disk.
Second, the velocity gradient may be produced by a rotation of the disk with the 
rotation axis tilted from the disk axis. The mechanism of the disk formation is not 
yet known and the disk shape is not necessarily resulted from rotational equilibrium. 
The rotation velocity of 0.4/sin i km s“1 at a distance of 0.3 pc implies a virial mass 
of (10/sin21)47®, much smaller than the disk mass. The rotation velocity also cor­
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responds to the rotational period of 4x 10° yr, which is more than one order of mag­
nitude longer than the dynamical time scale of 7xl04 yr for the CO bipolar flow 
associated with GL 2591 (Lada et al. 1984). Therefore, the observed flow phenomena 
do not contradict the assumption of the rotation axis tilted with respect to the geo­
metrical axis. The axis of rotation (P.A.=160°±10°) is nearly parallel to that of the 
galactic rotation (P.A.= 135°) in favor of the rotation origin of the velocity gradient.
Third, if we interpret the velocity gradient to be radial motion of the disk, the 
velocity gradient can be understood as the combination of the contraction (1.2̂ 0.2 
km s_1 pc-1 in the E-W direction) and the slight rotation (0.4±0.2 km s-1 pc-1 in the 
N-S direction), if present, with an axis in the E-W direction. If this is the case, the 
velocity of the contraction is 0.4/sin / km s_l at a distance of 0.3/cos i pc from the 
infrared source, where i is the inclination of the axis of the disk with respect to the 
line of sight. This velocity is smaller than the free-fall velocity of 5.5 cos1/2 i km s-1 
in the gravitational field of 1000 M® for 16°<j<86°. The rotation with an axis in 
the E-W direction implies a virial mass of (1.0/sin2 i) M®, much smaller than the mass 
of 1000 M® obtained above. Therefore, the rotation, if present, does not rule out 
the contraction.
Thus, we conclude that either rotation (with the rotation axis tilted from the disk 
axis) or contraction of the disk is a plausible interpretation of the velocity gradient.
5. Conclusions
We carried out both the K band polarization and the CS 7=2-1 and 7=1-0 line 
mapping around GL 2591. The main results are summarized as follows:
1. We have found an infrared reflection nebula and a CS disk around GL 2591.
2. These phenomena, together with the previously discovered bipolar CO flow, 
show distinct geometrical relationship: the bipolar flow and the infrared reflection 
nebula are parallel to each other and are perpendicular to the CS disk.
3. The size, the density, and the mass of the disk are estimated to be 0.5 pcx 
0.8 pc (thickness X  diameter), 1 X 105 cm-3, and 1000 M ®, respectively.
4. The velocity gradient of 1.4±0.2kms_1 pc-1 with a P.A. of 70°T;103 can 
be interpreted either as rotation of the disk, with the rotation axis tilted from the disk 
axis, or as contraction of the disk toward the central source.
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Mainline OH masers near young Hu regions: a 
correlation with IRAS far-infrared flux density
T. J. T. Moore A stro n o m y  D epartm ent, University o f  E d inburgh , R oya l 
O bservatory, B lack fo rd  Hill, E d inburgh  E H 9  3H J
R. J. Cohen University o f  M anchester, N uffie ld  R adio  A stro n o m y  O bservatories, 
Jodrell B ank, M acclesfield, Cheshire S K I  1 9 D L
C. M. Mountain R o ya l O bservatory, B la ck fo rd  Hill, E d inburgh  E H 9  3H J  
A ccep ted  1987 O c to b e r 23. R eceived  1987 O c to b e r 23; in orig inal form  1987 A u g u st 6
Summary. Examination of the IR A S  data for Type I O H /H n region maser 
sources in the galactic plane shows that a correlation exists between OH 1665- 
MHz peak flux density and far-infrared flux density. The form of the correlation 
suggests that a minimum far-infrared flux density is required for a given OH maser 
strength. This can be interpreted as evidence for pumping by far-infrared photons 
with a maximum efficiency in the IR A S  60-pm  band of about 10 per cent. An 
alternative, but less plausible, possibility is that the OH and infrared emissions 
depend separately on the strength of the radiation field in the photodissociation 
zones close to compact Hii regions.
1 I n t ro d u c t io n
Mainline 1665- or 1667-MHz OH masers have long been known to be associated with sites of 
recent star formation. Habing et al. (1974), and later Turner (1982), concluded that possibly all 
Type I O H /H n maser sources occur near compact Hu regions, i.e. those smaller than about 
0.1 pc, with implied dynamical ages less than about 104yr and electron densities above about 
3x 109m~3. High OH abundances are needed to produce strong OH maser emission, and masers 
should form easily in the photodissociation zones close to compact O H /H n regions, where strong 
ultraviolet fields efficiently convert H20  to OH (e.g. Elitzur & de Jong 1978). Indeed, the close 
association of OH maser spots with the edges of compact H ii regions has been established by 
studies such as those of Ho et al. (1983), Garay, Reid & Moran (1985) and Gaume & Mutel 
(1987).
For masers to be a useful probe of their parent regions, a reliable determination of both the 
molecular formation chemistry and the dominant pumping mechanism is required. For OH 
masers, pumping by collisions in enhanced density regions (with H2 or by ion streaming) or by 
absorption of far-infrared photons has been proposed (e.g. Elitzur 1982,1985), along with other 
mechanisms such as a chemical pump inherent in the formation reactions (Andresen 1986). The
fa r- in fra re d  p u m p  m o d e l, in v es tig a te d  by  E litz u r  (1978) a n d  by B u ja r ra b a l et al. (1980a) fo r 
O H /I R  so u rces , re q u ire s  e x c ita tio n  o f  th e  2n3/2, a n d  2n1/2 ro ta tio n a l levels o f  O H , p r in c ip a lly  by 
35, 53, 79 a n d  119/rm  p h o to n s , fo llo w ed  by ra d ia tiv e  re la x a tio n  p re fe re n tia lly  in to  th e  u p p e r  h a lf  
o f th e  la m b d a -d o u b le d  g ro u n d  s ta te . T h e  m a se r  tra n s itio n s  th e n  o ccu r b e tw e e n  th e  h y p e rfin e  
levels o f  th e  g ro u n d  s ta te  (F ig . 1). P rev io u s  in v es tig a tio n s  a p p e a re d  to  ru le  o u t fa r- in fra re d  
p u m p in g  o f  O H /H n  m ase rs  o n  th e  g ro u n d s  th a t  to o  few  fa r- in fra re d  p h o to n s  w ere  in d ic a te d  by 
th e  10- a n d 2 0 -n m  em iss io n  (W y n n -W illiam s, B eck lin  & N e u g e b a u e r  1972; E v a n s  etal. 1979). F o r  
th is an d  o th e r  re a so n s  E litz u r  (1985) fav o u rs  a  co llis io n a l p u m p in g  m ech an ism . It has  re ce n tly  
em e rg ed , h o w ev er, th a t  all O H /H n  so u rces  h av e  a fa r- in fra re d  sp e c tru m  p e ak in g  a t —lO O ^rn, in 
a g re e m e n t w ith  th e  re su lts  o f  T h ro n so n  & H a rp e r  (1979). In  th e  p re se n t p a p e r  w e use  th e  IRAS  
Point Source Catalog ( IR P S ) to  s tu d y  th e  m id - a n d  fa r- in fra re d  em iss io n  fro m  th e  c o u n te rp a r ts  o f  
know n  T y p e  I O H  m a se r  so u rc es , a n d  re a d d re ss  th e  p o ss ib ility  o f  fa r- in fra re d  p u m p in g .
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Figure 1. The rotational levels of OH which couple radiatively to the 2n 3/2 (2=3/2) ground state. Each state is split by 
/1-doubling and hyperfine interactions. The splitting is not drawn to scale. The maser transitions occur between the 
ground state levels: F-conserving (main line) transitions at (a) 1667MHz and (b) 1665 MHz; F-changing (satellite 
line) transitions at (c) 1612 MHz and (d) 1720 MHz. The far-infrared transitions to and from the ground state, which 
may create the maser inversion, are shown to the right.
2 The  s ampl e  and resul ts
T h e  s ta rtin g  p o in t fo r  th e  in v es tig a tio n  is th e  sam p le  o f  144 O H /H n  m a se r  so u rces  o b se rv e d  by 
C asw ell, H a y n es  & G o ss (1980) a n d  C asw ell & H a y n es  (1983a , b ). T h e  so u th e rn  G a lax y  so u rc es  
b e tw een  galactic  lo n g itu d es  326° a n d  2° w e re  fo u n d  in  a sy s tem atic  su rv ey  o f  th e  g a lac tic  p la n e , 
and  re p re se n t an  u n b ia se d , ra d io -se le c te d  sam p le  c o m p le te  to  a  1665-M H z d e te c tio n  lim it o f 
~ 1  Jy. T h e  n o r th e rn  G a lax y  so u rces  a re  a  less h o m o g e n e o u s  g ro u p : th ey  co n sis t o f  all O H / H ii 
m asers kno w n  (in  1982) b e tw e e n  lo n g itu d e s  3° a n d  60°, w hich C asw ell & H a y n es  (1983b) 
re m e asu red . W e hav e  re p e a te d  all in v es tig a tio n s  w ith  an d  w ith o u t th is last d a ta  se t ,  a n d  th e
re su lts  a re  n o t  a ffe c te d  by its in c lu sio n . T h e  O H  m e a su re m e n ts  fo r all 1 4 4 so u rc es  h av e  p o sitio n a l 
u n c e r ta in tie s  o f  ty p ica lly  2 0 a rcse c , u p  to  a m ax im u m  o f  6 0 a rc se c .
T h e  IR P S  w as se a rc h e d  fo r  o b je c ts  w ith in  2 a rcm in  o f  e ach  m ase r. 128 o f  th e  144 m a se r  so u rc es  
w e re  fo u n d  to  h av e  IRAS  d e te c tio n s  a n d , d e sp ite  th e  g e n e ro u s  2 -a rcm in  m a tc h in g  c r ite r io n , on ly  
seven  w ere  a sso c ia ted  w ith  m o re  th a n  o n e  IRAS  so u rc e . T h e  typ ica l p o s itio n a l o ffse t b e tw e e n  th e  
O H  a n d  IRAS  p o s itio n s  is a b o u t  30 arcsec . In sp e c tio n  o f  th e  5 -G H z  su rv ey  o f  th e  g a lac tic  p la n e  by 
H a y n e s , C asw ell & S im o n s (1978) sh o w ed  th a t  m a se r  so u rc es  w ith  no  IRAS  a sso c ia tio n  te n d  to  
o ccu r n e a r  la rg e  H  n co m p le x es  a n d  so m ay  be to o  co n fu sed  to  b e  in c lu d e d  as p o in t so u rc es  in th e  
IR P S . S o u rces  a sso c ia ted  w ith  k n o w n  sta rs  in th e  IRAS  d a ta b a s e  w ere  re m o v e d , leav in g  a  final 
sam p le  c o n ta in in g  120 O H  m a se r  so u rc es  w ith  p e a k  m a se r  flux d e n s itie s , k in e m a tic  d is tan c es  an d  
IRAS  12, 25 , 60 a n d  100^¿m n o n -c o lo u r-c o rre c te d  flux d e n sitie s . Six o f  th e  final sa m p le  h a d  
d o u b le  IRAS  a sso c ia tio n s .
T h e  m ain  re su lt  is sh o w n  in F ig . 2 w h e re  p e a k  O H  (1665 M H z) flux d e n s itie s  a re  p lo tte d  ag a in s t 
IRAS  flux d e n s itie s , re v ea lin g  a sh a rp  cu t-o n  d is tr ib u tio n  a t 60 a n d  1 0 0 /im . T h e  fo rm  o f  th e  
d is tr ib u tio n  su g g ests  th a t ,  a t  th e se  w a v e le n g th s , a  m in im u m  in fra re d  flux d e n s ity  is re q u ire d  fo r a 
g iven  m ase r line  s tre n g th  (F ig . 2c a n d  d ). A  w e a k e r  c u t-o n  is seen  a t  25¡um b u t  n o n e  is p re se n t  a t 
1 2 /tm  (F ig . 2 a  a n d  b ).
N o  c o rre la tio n  w as fo u n d  b e tw e e n  th e  F ( O H ) /F ( 6 0 / r m )  ra tio  a n d  IRAS  c o lo u rs  
[ F ( 6 0 / ;m ) /F ( 2 5 ^ m ) ,  F(25jum)/F(l2/um)  e tc .] ;  th e  flux d e n sity  ra tio s  o f  all th e  o b je c ts  a re  
s im ila r. T h e  m ea n  v a lu e  o f  log [ F ( 1 0 0 ) /F ( 6 0 ) j  is 0 .5  a n d  th a t  o f  log [ F ( 6 0 ) /F ( 2 5 ) ]  is 1.1 (w ith









Figure 2. 1665-MHz OH maser peak flux density plotted against far-infrared flux density in the four IRAS  non­
colour-corrected wavebands. A correlation appears at 60 and 100/rm, (c) and(d), less clearly at 25/rm and not at all at 
12/rm. Open circles have been used for detections flagged as low quality in the IRAS  database. The dashed line in Fig. 
2(c) represents F (O H )/F (IR )= 0 .1 .
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Figure 3. IRAS  two-colour diagram of OH masers. O H /H n sources are represented by open triangles (where maser 
emission is dominated by the 1665-MHz line) or filled circles (where the 1667-MHz line dominates). O H /IR  stars are 
represented by asterisks. It is possible that one or two of the 1667-MHz-dominated OH /H ii objects are misclassified, 
and may be Type I O H /IR  stars.
s ta n d a rd  d e v ia tio n s  0 .4  a n d  0 .5 , re sp ec tiv e ly ). T h ese  a re  th e  ty p ica l coo l o r  w a rm  d u s t co lo u rs  
e x p ec te d  fro m  y o u n g  H u  reg io n s still e m b e d d e d  in d e n se  d u sty  m o le c u la r  c lo u d  co res . S im ila r 
re su lts  on  th e  IRAS  co lo u rs  o f  O H /H i i  so u rc es  w e re  fo u n d  by B raz  & S iv ag n an am  (1987) a n d  
B raz  & E p c h te in  (1987). T h e  c o lo u rs  o f th e se  o b je c ts  a re  q u ite  d is tin c t from  th o se  o f O H /I R  
so u rces , as show n  in F ig . 3. H e re  w e give a  c o lo u r -c o lo u r  p lo t fo r  th e  O H /H i i  m a se r  sa m p le , 
to g e th e r  w ith  a  sam p le  o f  T y p e  I O H / I R  s ta rs  ta k e n  fro m  th e  E n g e ls  (1979) c a ta lo g u e  an d  
a sso c ia ted  w ith  IRAS  so u rces  in th e  sam e  w ay as th e  O H /H n  o b jec ts .
T h e  d is tr ib u tio n  o f  th e  F ( O H ) /F ( 6 0 )  ra tio  w ith in  th e  sam p le  is sh o w n  as a  h is to g ram  in Fig. 4 , 
in c lud ing  th e  so u rces  hav in g  60-^m  v a lu es flagged  as lo w -q u a lity  d e te c tio n s  in F ig . 2. F ro m  th is 
d iag ram  th e  cu t-o n  can  b e  reco g n ize d  a t F ( O H ) / F ( 6 0 ) = 0 .1 ;  th e  m ed ia n  v a lu e  is —0.01 .
3 D iscussion
Fig. 2 show s th a t  th e re  is a  m in im u m  fa r- in fra re d  flux d en sity  re q u ire d  fo r  a  g iven  O H  line
s tren g th  fro m  th e  O H /H  n m a se r  so u rces . T h is , to g e th e r  w ith  th e  fa v o u ra b le  ra tio  o f  fa r- in fra re d  
to  O H  flux d e n sitie s , su g g ests fa r- in f ra re d  p h o to n  p u m p in g  o f  th e  m asers , as w e a rg u e  b e lo w . T h e  
re la tio n  show n  in Fig. 2 c a n n o t re ad ily  b e  e x p la in ed  by se lec tio n  e ffec ts . T h e  O H  m ase rs  a re  
s tro n g  so u rces  an d  c o v e r —3 o rd e rs  o f  m ag n itu d e  in lu m in o sity  in all fo u r IRAS  w a v e b a n d s , so 
any se lec tio n  e ffec t w o u ld  b e  e x p e c te d  to  m an ifes t itse lf in all fo u r  b an d s . T h e  c o rre la t io n  is, 
h o w ev er, o n ly  seen  c learly  a t 60 a n d  lOO/zm, an d  n o t  a t all a t 1271m . T h e  S p e a rm a n  ra n k  
c o rre la tio n  coeffic ien ts fo r  th e  d a ta  in F ig . 2 a re  0 .1 5 0 , 0 .341 , 0 .489 , 0.471 fo r  12, 25 , 60 and  
10071m resp ec tiv e ly . T h ese  in d ic a te  th a t  th e  o b se rv ed  c o rre la tio n s  a re  sign ifican t a t a level less 
th an  10 "5 a t 60 an d  1007<m, a t a b o u t th e  10 -4 level a t 2571m b u t th a t  th e re  is n o  s ign ifican t
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Figure 4. Distribution of the /r(OH)/F(60,um) ratio within the sample of O H /H ii sources. Low-quality detections 
flagged in Fig. 2 are included.
d e v ia tio n  fro m  ra n d o m  d is tr ib u tio n  a t 12/<m. T h e  sh a rp  u p p e r  lim it to  th e  60-/im  flux d e n s itie s  in 
Fig. 2 (c ) a p p e a rs  to  b e  a s a tu ra t io n  lim it in th e  IRAS  d e te c to rs . T h u s  an  a p p a re n tly  re a l cu t-o n  
c o rre la tio n  o c cu rs  w h ich  is s tro n g e s t in th e  IRAS  w a v eb a n d s  co n ta in in g  th e  g ro u n d  s ta te  
ro ta tio n a l tra n s it io n s  a t  35, 53 , 79 a n d  119,«m , w hich  m ay  cau se  th e  O H  in v e rs io n  (F ig . 1).
3 .1  F A R - I N F R A R E D  P HO T O N  P UMP I NG
I t  h a s  lo n g  b e e n  a c c e p te d  th a t  fa r- in f ra re d  p u m p in g  o f  th e  O H  1612-M H z line  is feas ib le  in  T y p e  
II O H /I R  s ta rs . O b se rv a tio n s  by  E v a n s  & B eck w ith  (1977) an d  W e rn e r  etal. (1980) sh o w ed  th a t  
su ffic ien t 35-/rm  p h o to n s  a re  p re se n t in such  o b je c ts  to  a c c o u n t fo r  th e  O H  m a se r  o u tp u t.  T h e  
la t te r  a u th o rs  a lso  fo u n d  th a t  th e  F ( I R ) / F ( O H )  flux ra tio  re m a in s  ro u g h ly  c o n s ta n t  in t im e  in 
th e se  v a r ia b le  so u rces .
P re v io u s  ‘p r e-IRAS’ co n c lu s io n s  o f  in su ffic ien t 3 0 -6 0 /rm  p u m p in g  p h o to n s  fo r  O H  m a in  lines 
in O H /H i i  re g io n s  (W y n n -W illiam s et al. 1972; E v a n s  et al. 1979) re lie d  o n  e x tra p o la t io n s  fro m  
10- a n d  20-/rm  m e a su re m e n ts  a n d  a re  c lea rly  su p e rse d e d  by th e  IRAS  re su lts . C ra w fo rd  & 
R o w a n -R o b in so n  (1986) h av e  re c e n tly  fitted  a h o t-c e n tre d  d u s t c lo u d  m o d e l to  IRAS  d a ta  f ro m  a 
sam p le  o f  c o m p a c t, e m b e d d e d  H u  reg io n s . T h e y  find th a t th e  12-/im  em iss io n  d o e s  n o t  fit th e ir  
m o d el in m an y  so u rc es  a n d  c o n c lu d e  th a t h igh  o p tica l d e p th s  cau se  d e v ia tio n s  fro m  th e  a ssu m ed  
sp h erica l sy m m etry  to  b e c o m e  im p o r ta n t.  T h e  fa r- in fra re d  em iss io n  is s tro n g e r  th a n  m ig h t be  
p re d ic te d  fro m  10- a n d  20-/rm  d a ta ,  as a lso  fo u n d  by T h ro n so n  & H a rp e r  (1979). F o r  e x a m p le , in 
W 3 (O H )  th e  flux d e n s ity  rises  f ro m  —200 Jy  a t 20 ̂ m  (W y n n -W illiam s et al. 1972) to  —4000 Jy  a t 
40,«m , an  in c re a se  by  a  fa c to r  o f  40 in p h o to n  lu m in o sity  a n d  in th e  I R / O H  p h o to n  ra tio . T h u s  
th e re  a re  a m p le  in f ra re d  p h o to n s  av a ilab le  to  p u m p  th e  O H  m asers .
O n e  o b je c tio n  w hich  is o f te n  ra ised  to  fa r- in f ra re d  p u m p in g  is th a t  th e  p h o to n s  m e a su re d  
o rig in a te  a t a  ra d iu s  r FIR g re a te r  th a n  th a t o f  th e  O H  m asers  r 0H. T h is  in tro d u c e s  a  d ilu tio n  fa c to r  
o f o rd e r  (rOH/ r rlR)2/4  (G a u m e  & M u te l 1987, a n d  re fe re n c e s  th e re in ) . H o w e v e r , th is  analysis 
ig n o res th e  fac t th a t ,  fo r  an  o p tica lly  th ick  so u rc e , e ssen tia lly  th e  sam e  n u m b e r  o f  p h o to n s  p e r  
u n it v e lo c ity  will b e  av a ilab le  fo r  p u m p in g  a t rQH, a lb e it a t a s h o r te r  w av e le n g th . H e n c e , p ro v id e d
th a t m o st o f  th e  flux se e n  by  IRAS  c o m es fro m  th e  m a se r  so u rc e  itse lf, th e n  fa r- in f ra re d  p u m p in g  
is certa in ly  v iab le .
T h e  tr ia n g u la r  d is tr ib u tio n s  o f  F ig . 2c a n d  d sh o w  th a t  th e  O H  p e a k  flux d en sity  is a lw ays less 
th an  10 p e r  cen t o f  th e  60-«m  flux d en sity . T h e se  n u m b e rs  can  th e re fo re  be  in te rp re te d  as u p p e r  
lim its to  th e  in fra re d  p u m p in g  effic iency. T h e  a p p a re n t  sp re a d  in efficiency o v e r  a b o u t  th re e  
o rd e rs  o f  m ag n itu d e  co u ld  be  d u e  in p a r t  to  so u rce  m u ltip lic ity  in th e  IRAS  b e am  ( ~ 1  a rcm in  at 
6 0 ^ m ). Y o u n g , e m b e d d e d  in f ra re d  so u rces  te n d  to  o ccu r in g ro u p s  w ith  in d iv id u a l c o m p o n e n ts  
se p a ra te d  by a b o u t 0.1 pc (B e ic h m a n , B eck lin  & W y n n -W illiam s 1979). I f  on ly  o n e  m e m b e r  o f  
such a  c lu s te r  is a m a se r  s o u rc e , th e n  th e  a p p a re n t  effic iency m ig h t be  d ilu te d  by a f a c to r  o f  u p  to  a 
few  h u n d re d . W e find n o  re la tio n  b e tw e e n  th e  F ( O H ) /F ( 6 0 / im )  ra tio  a n d  a p p a re n t  k in em a tic  
d istan ce  (fro m  th e  O H  su rv e y ). T h is  m ay  in d ic a te  e ith e r  th a t  c lu s te red  so u rces  a re  c o m p a c t 
en o u g h  to  a p p e a r  c o m p le te ly  w ith in  th e  IRAS  b e a m , e v en  a t sm all d is tan c es , o r  th a t  th e  effic iency 
ran g e  is, to  a  larg e  e x te n t ,  in tr in s ic  to  th e  so u rces . T h is  n e ed s  fu r th e r  in v es tig a tio n  using  in fra re d  
d a ta  w ith  h igh  a n g u la r  re so lu tio n . T h e  h ig h es t e ffic iency  m em b e rs  o f  th e  sam p le  a re , in  an y  case , 
a ssu m ed  to  be  single in f ra re d  so u rc es  in  w h ich  th e  m a se r  is s a tu ra te d .
W h en  a  ra d ia tiv e ly  p u m p e d  m a s e r  s a tu ra te s , e ach  a b so rb e d  p u m p  p h o to n  is c o n v e r te d  to  
m aser em ission . T h is  is th e re fo re  th e  m o st e ffic ien t s ta te  o f  th e  system . A  s a tu ra te d  m ase r 
p ro d u c es  a ro u g h ly  l in e a r  v a r ia tio n  o f  m a se r  in te n sity  w ith  p u m p  ra te  (e .g . E litz u r  1982). Su ch  a 
lin e a r v a r ia tio n  is co n s is ten t w ith  th e  sh a p e  o f  th e  c u t-o n  line in  F ig . 2 , if it is a ssu m ed  th a t  all th e  
m aser reg io n s h a v e  s im ila r O H  c o lu m n  d e n s itie s , i .e .  th a t  v a r ia tio n s  in m a se r  em iss io n  fro m  
so u rce  to  so u rce  a re  d u e  on ly  to  d iffe re n ce s  in  th e  p u m p  ra te . S u p p o rtin g  th is , th e  p h o to d is so c ia ­
tio n  zo n e  m o d els  o f  S te rn b e rg  (1986) sh o w  th a t ,  a t u ltra v io le t levels (912-1100  A ) a p p lic ab le  to  
co m p ac t H u  reg io n s  ( i.e . a t lea s t 105 tim es  th e  m ea n  in te rs te lla r  fie ld ), th e  in c rease  o f  O H  c o lu m n  
den sity  w ith  u ltra v io le t flux is ra th e r  slow . In  fac t, th is  re la tio n  e v en tu a lly  b e co m es a p p ro x im a te ly  
lo g arith m ic , A ( O H ) ~ l n  [F (U V )]  (S te rn b e rg , p r iv a te  c o m m u n ica tio n ) . B ecau se  o f th is , in 
y o u n g e r an d  m o re  c o m p a c t so u rc es , F ( O H )  sh o u ld  v a ry  v e ry  little  w ith  so u rce  age  an d  
lu m in o sity , leav in g  th e  v a r ia tio n  w ith  p u m p  ra te  d o m in a n t.
T h e  a p p a re n t  m ase r effic iency  is g iven  by  e = R J R p, w h e re  Rw an d  Rp a re  th e  m a se r  an d  p u m p  
p h o to n  ra te s  w ith in  th e  e m ittin g  v o lu m e . I f  th e  v e lo c ity  w id th s o f m a se r  a n d  p u m p  lines a re  
sim ilar, th e n  th is b e co m es  e = F J F p, w h e re  F m a n d  F p a re  m a se r  a n d  p u m p  flux d e n sitie s . E v a n s  et 
al. (1979) in tro d u c e  tw o  fu r th e r  fa c to rs  (Q em/4 jr )  an d  ( l / / abs) in to  th e  r ig h t-h a n d  side  o f  th e  
efficiency e q u a tio n . T h e  fo rm e r  re p re se n ts  th e  b e am in g  o f  th e  O H  em iss io n  a n d  th e  l a t t e r / abs is 
th e  frac tio n  o f p o te n tia l  (a n d  d e te c ta b le )  p u m p  p h o to n s  e m itte d  g lo b ally  by  th e  in f ra re d  so u rce  
w hich  is physically  av a ilab le  to  th e  m asin g  reg io n .
In  th is p a p e r  w e ig n o re  b e am in g  o f  th e  m ase r em iss io n , o n  th e  a ssu m p tio n  th a t  th e  o b se rv e d  
n u m b e r an d  s tre n g th  o f  th e  su b -a rc sec o n d  m ase r so u rces  w o u ld  be  sim ila r fro m  all d irec tio n s  an d  
a re  d e p e n d e n t  on  g e n e ra l c o n d itio n s  in th e  gas e x te r io r  to  th e  H u  reg io n . H e n c e , th e  m ase r 
em ission  can  b e  ta k e n  as iso tro p ic  in  th e  la rg e  sca le , e v en  th o u g h  in d iv id u a l c lu m p s m ay  p ro d u c e  
highly b e a m e d  ra d ia tio n  (A lco ck  & R o ss 1985). W e can  th e re fo re  g lo b ally  ta k e  Q cra~ 4 jr .  In  any 
case, (Q em/4 ;r )  a n d  ( l / / abs) w ill te n d  to  can ce l e ach  o th e r  o u t s in ce , fo r  in d iv id u a l O H  sp o ts , b o th  
Q em an d  / abs b e co m e  <§1. T h e  m ax im u m  p u m p  efficiency is th u s  g iven  by F m/ F p= 0 .1 ,  fro m  
insp ec tio n  o f  th e  60-/rm  c u t-o n  line  in  F ig . 2(c) a n d  fro m  Fig . 4. T h e  m ed ia n  v a lu e  w ith in  o u r  
sam ple  is —0.01. T h ese  v a lu es a g re e  w ell w ith  th e  re su lts  o f  fa r- in fra re d  p u m p in g  ca lcu la tio n s  by 
B u ja rra b a l et al. (1980a) w ho  fo u n d  a  p u m p in g  efficiency o f  ~ 1  p e r  c e n t, w hich  co u ld  b e  in c re ased  
to  10 p e r  c en t by  fa r- in fra re d  line  o v e rla p  (B u ja r ra b a l et al. 1980b). L ine  o v e r la p  a rises  n a tu ra lly  
in th e  ex p an d in g  e n v e lo p es  o f  O H /I R  so u rc es , th e  case  c o n s id e re d  by th o se  a u th o rs . It is likely  
th a t  s im ilar e ffec ts  can  be  p ro d u c e d  in H n  reg io n s  e ith e r  by sy s tem atic  m o tio n s  o r  by tu rb u le n c e .
T h e  fa r- in fra red  p u m p  m o d e l p re d ic ts  in c re a sed  1665-M H z in v ers io n s in h o t te r  re g io n s , 
w h ereas no  sign ifican t d iffe re n ce  a p p e a rs  to  ex is t (F ig . 3) b e tw e e n  th e  co lo u rs  o f  m asers  s tro n g e s t
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a t 1665 M H z  a n d  th o se  s tro n g e s t a t 1667 M H z. N o  c o lo u r d iffe re n ce  h as b e e n  fo u n d  e ith e r  in 
O H /I R  s ta rs  (K ir ra n e  1987), a n d  so th is e ffec t m u st e ith e r  b e  easily  m a sk e d  (b y  fa c to rs  o th e r  th a n  
o p tica l d e p t h - O H / I R  s ta rs  a re  e x p e c te d  to  b e  g e n e ra lly  o p tica lly  th in  in th e  in f ra re d  c o n tin u u m ) 
o r  th e  m o d e l in q u e s tio n  is n o t a c c u ra te  in d e ta il. T h e  effic iency  ra tio  d is tr ib u tio n  fo u n d  in o u r  
d a ta  is a lso  c o n s is ten t w ith  th a t  fo r  T y p e  I O H /I R  s ta rs  (D ic k in so n  1987). T h is  m ay  in d ic a te  th a t 
th e  tw o  p h e n o m e n a  o f  s te lla r  a n d  H  n re g io n  O H  m ase rs  a re  m o re  c losely  re la te d  th a n  p rev io u s ly  
assu m e d , w ith  s im ila r loca l c o n d itio n s  fo r tu ito u s ly  ex is tin g  in th e  m a se r-p ro d u c in g  re g io n s  o f 
each .
T h e  p re se n c e  o f  a  w e a k e n e d , b u t s ta tis tica lly  sig n ifican t, c u t-o n  d is tr ib u tio n  b e tw e e n  O H  
em iss io n  a n d  25-/rm  flux d e n sity  (F ig . 2 b ) can  b e  e x p la in e d  sim p ly  by  th e  co n s tan c y  o f  th e  
6 0 /2 5 /¿m c o lo u rs  th ro u g h o u t m o st o f  th e  sa m p le . I t  is a lso  p o ss ib le  th a t  c ascad es  f ro m  levels 
h ig h e r th a n  7 = 5 /2  m ay  c o n tr ib u te  to  th e  in v ers io n . H ig h e r  f req u e n c y  ro ta t io n a l  tra n s itio n s  fro m  
th e  g ro u n d  s ta te  a re  fo rb id d e n  by th e  A 7 = 0 ,  ± 1  se lec tio n  ru le , b u t th e se  u p p e r  s ta te s  m ay  be  
p o p u la te d  by m u ltip le  ra d ia tiv e  e x c ita tio n . T h is  is p o ss ib le  since  th e  n a tu ra l life tim es o f  th e  lo w er 
ex c ited  levels a re  r a th e r  lo n g  (1 -5 0 0  s, D e s to m b e s  et al. 1977) a n d  so , a lth o u g h  m o st se c o n d a ry  
e x c ita tio n s  a re  in th e  60-/<m b a n d , tra n s it io n s  such  as 2n 3/2(/=7/2)-2n l/2(7=9/2) a t 25 fim m ay  b e  
m in o rity  c o n tr ib u to rs  to  th e  p o p u la tio n  in v ers io n .
3 .2  T H E  U L T R A V I O L E T  F I ELD  IN P H O T O - D I S S O C I A T I O N  Z ONES
A n  a lte rn a tiv e  e x p la n a tio n  fo r th e  c o rre la tio n  in F ig . 2 m ay  b e  th a t  th e  fa r- in f ra re d  c o n tin u u m  
an d  O H  m a se r  line  em iss io n s  d e p e n d  se p a ra te ly  o n  th e  lu m in o sity  o f  th e  e m b e d d e d  y o u n g  s ta rs . 
T h e  c o lu m n  d e n s ity  o f  O H  in th e  gas a d ja c e n t  to  an  H ii re g io n  will d e p e n d  o n  th e  H 20  
p h o to d is so c ia tio n  ra te  a n d  on  th e  loca l H : d en sity . T h e  ga in  len g th  av a ilab le  o v e r  w hich  
s tim u la te d  e m iss io n  can  o c cu r (a n d  h en ce  th e  e m itte d  m a se r  in te n s ity )  is th e re fo re  d e te rm in e d  by 
th e  s tre n g th  o f  th e  n o n -io n iz in g  u ltra v io le t  field  p re se n t.  T h e  u ltra v io le t  flux fro m  th e  c e n tra l 
so u rce  is a lso  p rim a rily  re sp o n s ib le  fo r  h e a tin g  th e  d u s t w h ich  p ro d u c e s  th e  f a r- in f ra re d  em iss io n . 
T h u s  w e m ig h t e x p e c t a  re la tio n sh ip  b e tw e e n  th e  fa r- in fra re d  c o n tin u u m  a n d  th e  s tre n g th  o f  th e  
m ase r lines th a t  d o e s  n o t a rise  th ro u g h  an y  p u m p in g  m ec h an ism . Such  a m u tu a l d e p e n d e n c e  on  
th e  u ltra v io le t  field  m ig h t a p p e a r  to  se lec t p a r tic u la r  w a v eb a n d s  if  o p tica l d e p th s  in th e  m id- 
in fra re d  can  p ro d u c e  su ffic ien t s c a tte r  to  h id e  th e  c o rre la tio n  a t sh o r te r  w a v e len g th s .
S te rn b e rg  (1986) h a s  p ro d u c e d  d e ta ile d  p h o to d is so c ia tio n  z o n e  m o d e ls , a n d  h as  c a lc u la te d  th e  
v a r ia tio n  o f  O H  a b u n d a n c e  w ith  H 2 c o lu m n  d en sity  fo r  v a rio u s  d e n sitie s  a n d  n o n -io n iz in g  
u ltra v io le t  s tre n g th s . T h e  re su lts  o b ta in e d  sh o w  th a t  th e  c o lu m n  d e n s ity  o f  O H  in c re a ses  ra p id ly  
a t first w ith  u ltra v io le t  flux, b u t te n d s  to  slow  to w a rd s  h ig h e r field  s tre n g th s . A t local d e n sitie s  
a ro u n d  n (H 2) = 1 0 12 m -3 a n d  u ltra v io le t  fluxes 105 t im e s  s tro n g e r  th a n  th e  m e a n  in te r s te lla r  field  
(e q u iv a le n t to  a  lo c a tio n  —0.1 pc  fro m  a BO Z A M S  s ta r ) ,  S te rn b e rg ’s m o d e l p re d ic ts  O H  d e n sitie s  
g re a te r  th a n  106 m ~3 o v e r  a  len g th  o f  a b o u t  1013m  in to  th e  c lo u d . T h e o re tic a l c a lcu la tio n s  (F ie ld  
1985) show  sa tu ra t io n  o f  m a se r  e m iss io n  o c cu rrin g  a t g a in  len g th s  g re a te r  th a n  2 x  1012m  fo r  O H  
d e n sitie s  o f  — 8 x l 0 6m -3. T h u s  th is l in e a r, e q u ilib r iu m  ch em istry  m o d e l p re d ic ts  th a t  id ea l 
c o n d itio n s  fo r  s a tu ra te d  O H  m ase rs  ex ist in ty p ica l p h o to d is so c ia tio n  z o n es  a ro u n d  c o m p a c t H u  
reg io n s .
F ro m  th e  c o n s ta n t d e n s ity  cases e x am in ed  by S te rn b e rg  (1986), th e  O H  c o lu m n  d en sity  rises 
q u ick ly  a t first w ith  in c id e n t u ltra v io le t flux b u t b eg in s to  f la tten  in s tro n g  fields. I f  F ( O H ) ~ g a in  
len g th , fo r  s a tu ra te d  e m iss io n , a n d  ( to  first o rd e r)  F ( I R ) ~ U V  field , th e n  a c o rre la tio n  o f  th e  
fo rm  F ( O H ) ~ F ( I R ) “ m ig h t a rise . H o w e v e r , a w o u ld  b e  c lose  to  u n ity  on ly  fo r  a  re la tiv e ly  
n a rro w  b a n d  o f m o d e ra te  u ltra v io le t fields ( —105x  m ea n  in te rs te lla r  v a lu e ) . S ince th e  in c re a se  o f 
O H  c o lu m n  d en sity  w ith  u ltra v io le t  flux te n d s  to w a rd s  a  lo g arith m ic  ra te  w h en  th e  in c id e n t field 
s tre n g th  in c re a se s  to  v a lu es m o re  ty p ica l fo r  c o m p a c t H u  re g io n s , a sh o u ld  b e  c o n s id e ra b ly  less
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th a n  1, g e n era lly . In  th is case  it w o u ld  re q u ire  th e  e x tra  l in e a r d e p e n d e n c e  o f F (O H )  o n  th e  p u m p  
ra te  to  re p ro d u c e  th e  e x p o n e n t o b se rv e d  in F ig . 2 , i .e .  c lo se  to  u n ity .
4 C onclusions
A  c o rre la tio n  has b e e n  e s ta b lish e d  b e tw e e n  th e  p e a k  1665-M H z flux fro m  a  ga lac tic  p la n e  sa m p le  
o f T y p e  I O H  m asers  a n d  th e  fa r- in f ra re d  flux d e n sitie s  fro m  asso c ia ted  IRAS  so u rc es . T h e  
c o rre la tio n  ta k e s  th e  fo rm  o f  a m in im u m  fa r- in fra re d  lu m in o sity  re q u ire d  fo r  a  g iven  m ase r 
s tre n g th . T h e  o b se rv e d  re la tio n sh ip  is m o st su g g estiv e  o f d irec t p u m p in g  o f  th e  m ase rs  by  fa r- 
in fra re d  p h o to n s  w ith  effic ienc ies o f  u p  to  10 p e r  cen t. T h e  effic ienc ies a g ree  w ell w ith  th o se  
p re d ic te d  by  B u ja r ra b a l  et al. (1980a, b ) fo r  O H /I R  so u rc es . T h e  a p p a re n tly  la rg e  ra n g e  o f 
efficiencies m ay  be d u e  in p a r t  to  th e  o c cu rre n ce  o f  m u ltip le  so u rces  in  th e  IRAS  b e a m , a 
possib ility  w hich  sh o u ld  be in v es tig a te d  fu r th e r .
A n  a lte rn a tiv e  e x p la n a tio n  fo r th e  O H /fa r - in f r a re d  re la tio n  m ig h t b e  p ro v id e d  by  m u tu a l 
d e p en d e n ce  o f  th e  O H  c o lu m n  d en sity  a n d  fa r- in fra re d  flux u p o n  th e  s tre n g th  o f  th e  in c id e n t 
u ltra v io le t fields in  p h o to d is so c ia tio n  zo n es , w ith  a  th ird  m ech an ism  re sp o n s ib le  fo r  th e  m a se r  
p u m p , b u t  re c e n t  c a lcu la tio n s  o f  th e  p h o to c h e m is try  in th ese  reg io n s  seem  to  in d ic a te  a g a in s t th is .
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Sum m ary. W e  id en tify  a new  in f ra re d  re fle c tio n  n e b u la  in  th e  W 7 5 N  re g io n . T h e  
K -b a n d  p o la r iz a tio n  m ap  show s a  c e n tro sy m m e tr ic  p a t te rn  o f  th e  v e c to rs  e x te n d ­
ing  o v e r  a re g io n  2 a rcm in  in size , w ith  la rg e  v a lu es o f  d e g re e s  o f  p o la r iz a t io n , u p  
to  50 p e r  c en t. T h e  illu m in a tin g  so u rce  is id e n tif ie d  w ith  th e  u ltra c o m p a c t H o  
re g io n  W 7 5 N (B ) w h ich  is lo c a te d  a t th e  c e n tre  o f p o la r iz a tio n  p a tte rn .  T h e  
in te n s ity  p e a k , IR S -1 , is n o t a  se lf- lu m in o u s  so u rce  b u t  is ra th e r  a b r ig h t k n o t in 
th e  re fle c tio n  n e b u la . T h e  n o r th e rn  p e a k , IR S -4 , lo c a te d  on  a se c o n d  u ltra c o m ­
p a c t H  ii re g io n , W 7 5 N (A ), e x te n d s  fo r  m o re  th a n  30 a rcsec  a n d  is less p o la r iz e d  
(5 -1 0  p e r  c e n t) .  W e a ttr ib u te  th e  n e a r- in f ra re d  ligh t o f  IR S -4  to  th e rm a l e m iss io n  
fro m  sm all ( a — 10 A) d u st g ra in s . T h e  d iffe re n t p o la r iz a tio n  a n d  sp a tia l d is tr ib u ­
tio n  o f  th e  n e a r  in f ra re d  e m iss io n  a ro u n d  th e se  tw o  u ltra c o m p a c t H  i i  re g io n s  a re  
e x p la in e d  by th e  d iffe re n t d u s t d e n sitie s  a ro u n d  th e m , p ro b a b ly  d u e  to  th e ir  
d if fe re n t e v o lu tio n a ry  s tag es .
1 Introduction
T h e  W 75N  re g io n  is o n e  o f  th e  s ites o f a ctive  s ta r - fo rm a tio n  w h ich  b e lo n g s to  th e  m o le c u la r  c lo u d  
co m p lex  D R 2 1 -W 7 5 . T h is  m o le c u la r  c lo u d  c o m p lex  con sists  o f  th re e  s ta r-fo rm in g  reg io n s  D R 2 1 , 
♦Present address: Nobeyama Radio Observatory, Nobeyama, Minamisaku, Nagano 384-13, Japan. 
fPresent address: Tokyo Astronomical Observatory, Mitaka. Tokyo 181, Japan.
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W 75S an d  W 75N , each  o f  w hich  in c lu d es ra d io  c o n tin u u m  so u rc es , O H  m asers , a n d  n e a r-  a n d  fa r- 
in fra re d  so u rces . D ic k e l, D ick el & W ilson  (1978) m a p p e d  th e  W 75-D R 21  re g io n  in n C O  an d  
13C O  lines an d  re v ea le d  th e  p re se n c e  o f  tw o  la rg e  m o le c u la r  c lo u d s a t ra d ia l v e lo c itie s  o f  —3 an d  
+ 9 k m s _l. T h e  fe a tu re  a t + 9 k m s _l p e a k s  o n  W 75N  a n d  th a t  a t - 3 k m s  ' on  D R 21 a n d  W 75S. 
T h ey  su g g ested  th a t  th e  tw o  c lo u d s w ere  in te ra c tin g  w ith  each  o th e r . R a d io  c o n tin u u m  o b se rv a ­
tio n s a ro u n d  th e  W 75N  re g io n  hav e  re v ea le d  th re e  u ltra c o m p a c t H  ii reg io n s , W 7 5 N (A ), (B ) an d  
(C ) (W y n n -W illiam s 1971; H a rr is  1974; L o  1974; H a sch ick  et al. 1981), o n e  o f w h ich , W 7 5 N (B ), 
co in c id es w ith  an  O H  m ase r so u rce  w ith in  th e  p o s itio n a l e r ro r  (R y d b e ck , E lld e r  & K o llb e rg , 
1969). R e ce n tly , M o o re  et al. (1988) fo u n d  th re e  n e a r- in f ra re d  so u rces  (IR S -1 , 2 a n d  3) an d  
m o lecu la r  h y d ro g e n  em iss io n  w ith in  th e  W 75N  reg io n .
T h e  p re se n t o b se rv a tio n s  sh o w  th a t th e  tw o  u ltra c o m p a c t H  n  reg io n s , W 7 5 N (A ) a n d  (B ) , a re  
d iffe re n t fro m  e ach  o th e r  in  th e ir  n e a r- in f ra re d  a p p e a ra n c e , b o th  in p o la r iz a tio n  a n d  su rface  
b rig h tn e ss . W e will d iscuss th e  n a tu re  o f  th e  n e a r- in f ra re d  em iss io n  an d  its o rig in  a ro u n d  th ese  
tw o u ltra c o m p a c t H  n reg io n s .
20h 36m 
R.A.(1950)
Figure 1. /¿-band surface brightness and polarization map of the W75N region. The beam size of 20 arcsec is indicated 
by the hatched circle. Contour levels are 0 .5 ,1 ,2 ,4 ,6  and 10 x lCF" W c m A m '1 arcsec-2. The direction and the length 
of each bar indicates the degree and the direction of a polarization at the position of its centre. A polarization degree 
of 20 per cent is displayed by the bar in the lower right-hand corner. A dashed open circle indicates an approximate 
polarization centroid. The positions of the near-infrared sources IRS-1-5 and those of compact H u regions 
W75N(A) and (B), are also indicated.
P o la r im e tr ic  o b se rv a tio n s  w ere  m a d e  o n  1985 A u g u s t 22 o n  th e  3 .8 -m  U n ite d  K in g d o m  In fra re d  
T e le sco p e  (U K IR T ) . W e  u se d  th e  K y o to  p o la r im e te r  to g e th e r  w ith  th e  s ta n d a rd  U K IR T  
p h o to m e te r ,  U K T  9. T h e  p o la r im e te r  con sis ts  o f  a ro ta tin g  ha lf-w av e  p la te  m ad e  o f M g F 2 a n d  a 
fixed  w ire  g rid  p o la r iz e r . In s tru m e n ta l p o la r iza tio n  w as m e a su re d  to  be  less th a n  0 .2  p e r  c en t. T h e  
effic iency  o f  th e  p o la r im e te r  w as d e te rm in e d  by  la b o ra to ry  e x p e rim e n ts  a n d  th e  a b so lu te  p o sitio n  
ang les w e re  c a lib ra te d  by  u sin g  G L 2 5 9 1 , w h o se  p o sitio n  an g le  w as ta k e n  as 171° in  th e  K -b a n d  
(L o n sd a le  et al. 1980). T h e  b e am  size e m p lo y e d  w as 20 a rcsec  w ith  a c h o p p e r  th ro w  o f  220 a rcsec  
in th e  E -W  d ire c tio n . In  o rd e r  to  ch eck  th e  c o n ta m in a tio n  fro m  fie ld  s ta rs  in  th e  re fe re n c e  b e a m , 
we m e a su re d  e ac h  g rid  p o in t tw ice  w ith  b o th  an  e a s t a n d  a  w e st re fe re n c e  b e am . T h e  p o la r iz a tio n  
an d  th e  su rfa ce  b r ig h tn e ss  m ap  is d isp lay e d  in F ig . 1. T h e  p o s itio n s  o f  th e s e  so u rc es  a re  
su m m ariz ed  in T a b le  1 to g e th e r  w ith  th o se  o f  o th e r  re le v a n t so u rces .
A d d itio n a l tw o  a p e r tu re  p h o to m e try  o f  IR S -4  a t J, H, K  a n d  L' w as p e rfo rm e d  on  1986 
D e c e m b e r  16-17  using  th e  A g e m a tsu  In f ra re d  O b se rv a to ry  (A IR O )  1-m te le sco p e  in  o rd e r  to  
in v es tig a te  sp a tia l v a r ia tio n  o f  co lo u r. W e u sed  24 an d  36 a rcsec  b e am s an d  th e  ch o p p in g  th ro w
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2 O bservations and results
Table 1. Source positions.
Source RA (1950) Dec. (1950) Note Reference
(h m s) (° ' ")
IRS-1 20 36 50.5±2" 42 26 56±2’’ 1
IRS-2 20 36 49.0±2 42 26 40±2 1
IRS-3 20 36 52.7±2 42 26 44+2 1
IRS-4 20 36 51 ±8 42 27 26+8 extended 2
IRS-5 20 36 57±8 42 27 26±8 2
IR(53/tm) 20 36 50.7 42 26 56 3
IR(20/tm) 20 36 51.1 42 27 19 4
W75N(A) 20 36 51.2 42 27 23 B0.5V 5
W75N(B) 20 36 50.03 42 26 58.4 B0.5V 5
H:0  maser 20 36 50.45 42 27 00.1 6
OH maser 20 36 49.98 42 26 57.9 5
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w as 90 a rcsec  in th e  E -W  d irec tio n . T h e  re su lts  a re  su m m ariz ed  in  T a b le  2 to g e th e r  w ith  p re v io u s  
o b se rv a tio n s  o f  IR S-1  (M o o re  et al. 1988). E r ro rs  fo r  o u r  p h o to m e try  a re  less th a n  0.1 m ag  a t 
ev ery  w av elen g th .
3 D iscussion
T h e  d iffuse  n e a r- in f ra re d  e m iss io n  e x te n d s  fo r  a b o u t  2 a rcm in  a n d  is d iv id ed  in to  tw o  c o m p o n ­
e n ts , o n e  o f w hich p e a k s  in th e  n o r th  (IR S -4 ) w h ile  th e  o th e r  p e a k s  in  th e  so u th  (IR S -1 ). T h e  
sh ap e  o f  th e  n o r th e rn  e m iss io n  is e llip tica l a n d  th a t  o f  so u th e rn  o n e  is tr ia n g u la r . S ince  each  
c o m p o n e n t is n o t o n  th e  sy m m etrica l axis o f th e  o th e r ,  th e  w h o le  em ission  is n o t a single in fra re d  
re flec tio n  n e b u la  w ith  tw o  lo b es  like  G G D 2 7  IR S  (Y a m a sh ita  et al. 1987). A lth o u g h  th e  d e g ree s  
o f  p o la riza tio n  a re  re la tiv e ly  sm all (5 -1 0  p e r  c e n t)  a ro u n d  IR S -4  a n d  la rg e  (2 0 -5 0  p e r  c e n t)  to  th e  
so u th  o f IR S -1 , th e  n o rm a ls  o f  th e  p o la r iz a tio n  v e c to rs  c ross n e a r  IR S -1 . T h e r e f o r e , th e  p o la r iz a ­
tio n  is c au sed  by  sc a tte r in g  o f  lig h t fro m  a  sing le  so u rc e  n e a r  IR S -1 . In  a d d itio n , th e  sm all 
p o la riza tio n  a ro u n d  IR S -4  in d ic a te s  th a t  th e  K -b a n d  flux  in th is reg io n  is d o m in a te d  by 
u n p o la rize d  ligh t.
3.1 T H E  I L L U M I N A T I N G  S O U R C E
T h e  illu m in a tin g  so u rce  o f  th e  in f ra re d  re fle c tio n  n e b u la  is e x p e c te d  to  be  lo c a te d  a t th e  
co n v erg en ce  o f  n o rm a ls  o f  th e  p o la r iz a tio n  v ec to rs . H e re  w e n o tic e , h o w e v e r, th a t  th e  p o la r iz a ­
tio n  v e c to r  d o e s  n o t  p o in t to  th e  illu m in a tin g  so u rc e  f ro m  th e  c e n tre  o f  th e  b e a m  w h e re  la rg e  
g ra d ie n t o f su rface  b r ig h tn e ss  is se e n  b e ca u se  th e  in te g ra te d  p o la r iz a tio n  w ith in  th e  b e a m  is m o re  
large ly  a ffe c te d  by  b r ig h te r  p a r t.  In  th e  p re se n t  case , th is  is a p p lic ab le  to  th e  e a s te rn  a n d  w e s te rn  
edge  o f  th e  so u th e rn  n e b u la . T a k in g  th is  e ffec t in to  c o n s id e ra tio n , an  a p p ro x im a te  c e n tre  o f 
co n v erg en ce  is in d ic a te d  by  a d a sh e d  c irc le  in F ig . 1. Its  c e n tre  is d isp laced  to  th e  N W  by a b o u t 
8 a rcsec  fro m  IR S -1 , su g g estin g  th a t th e  illu m in a tin g  so u rce  is n o t s i tu a te d  o n  th e  in te n sity  p e a k , 
IR S-1 .
T h e  larg e  p o la r iz a tio n  (20 p e r  c en t)  o f  IR S-1  itse lf  su p p o rts  th is id ea . P re v io u s  o b se rv a tio n s  o f 
th is k in d  sh o w ed  th a t  th e  p o la r iz a tio n  d e g ree  o f  d iffuse  c o m p o n e n t in  th e  v ic in ity  o f  th e  
illu m in a tin g  so u rc e , n o t  o n  th e  so u rc e , w as a b o u t 20 p e r  c e n t (G S S  30 in th e  O p h iu c u s  d a rk  c lo u d , 
C aste laz  et al. 1985; C e p  A  a n d  S140, Jo y c e  &  S im o n  1986) SG S 1 in N G C 1333, C a ste la z  et al. 
1986; G G D 2 7  IR S , Y a m a sh ita  et al. 1987). A c co rd in g  to  Y a m ash ita  et al. (1987), a p p a re n tly  
sm all p o la r iz a tio n  o f 20 p e r  c e n t (n o t 100 p e r  c en t)  fo r  p u re  sc a tte r in g  is d u e  to  a  sc a tte r in g  an g le  
n e a r  0° o r  180°. M o re o v e r , C e p  A  (L e n z e n , H o d a p p  & Solf 1984) a n d  G G D 2 7  IR S  (Y a m a sh ita  et 
al. 1987) sh o w  n e a r- in f ra re d  p e a k s  se p a ra te d  fro m  th e ir  illu m in a tin g  so u rces . L1551 IR S -5 , 
w hose  p o la r iz a tio n  a t K  is a b o u t  20 p e r  c e n t, w as th o u g h t to  b e  an  illu m in a tin g  so u rc e  o f  th e  
a sso c ia ted  re fle c tio n  n e b u la  b u t  S tro m  et al. (1985) su g g ested  th a t  th e  n e a r- in f ra re d  ligh t fro m  
IR S-5  is s c a tte re d  b a se d  o n  th e ir  h ig h -re so lu tiu o n  (0 .6  a rcsec ) im ages. T h e se  fac ts  su g g est th a t  th e  
p o la riza tio n  d e g re e  o f  20 p e r  c e n t o f  IR S-1  w o u ld  n o t  b e  d ilu te d  by th e  d irec t u n p o la r iz e d  ligh t 
fro m  th e  c en tra l s ta r  b u t  b e  d u e  to  p u re  re fle c te d  ligh t. In  th is p ic tu re , th e  illu m in a tin g  so u rc e  is 
lo ca ted  to  th e  n o rth -w e s t o f  IR S-1 a n d  is h eav ily  o b sc u re d  by a  d e n se  d u s t c lo u d  w ith  a  cav ity  
w hich o p en s  to w a rd s  IR S -1 .
W e th e n  c o n s id e r th e  m o st p lau s ib le  c a n d id a te  o f th e  illu m in a tin g  so u rce  as th e  u ltra c o m p a c t 
H u  reg io n  W 7 5 N (B ) w hich  is lo c a te d  to  th e  n o rth -w es t o f  IR S-1  a n d  w ith in  th e  d a sh e d  c irc le  in 
Fig. 1. T h e  fa c t th a t  b o th  a  p e a k  o f 3 5 0 ^ m  c o n tin u u m  em ission  (M o o re  et al. in p re p a ra tio n )  an d  
O H  m aser so u rces  (H a sc h ic k  et al. 1981) a re  lo ca ted  on  W 7 5 N (B ) in d ic a te s  th a t  it is th e  m o st 
active  y o u n g  so u rce  in th is  re g io n  an d  h en ce  m ak e  o u r  su g g estio n  p lau s ib le . T h e re fo re ,  we 
id en tify  th e  illu m in a tin g  so u rce  w ith  W 7 5 N (B ), o r  m o re  p rec ise ly  w ith  th e  ex c itin g  so u rc e  o f 
W 75N (B ).
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T h e  d u s t c lo u d  w h ich  ex tin g u ish e s  th e  illu m in a tin g  so u rce  w o u ld  b e  a  d isc o r  to ru s  w hich  is a 
sim ila r p h e n o m e n o n  fo u n d  w ith  m o le c u la r  line  o b se rv a tio n s  such  as C S (e .g . L 1551, K a ifu  et al.
1984). In  th is  p ic tu re , sm all p o la r iz a tio n  a lo n g  th e  d ire c tio n  o f e lo n g a tio n  (N E -S W ) o f  th e  
su sp ec ted  d isc w o u ld  b e  d u e  to  m u ltip le  sc a tte r in g , as su g g ested  fo r G G D 2 7  IR S  by  Y a m a sh ita  et 
al. (1987).
W e n ex t e s tim a te  an  ex tin c tio n  th ro u g h  th e  disc a cc o rd in g  to  th e  m e th o d  em p lo y e d  by L en z en  
etal. (1984). T h e  K -b a n d  flux a t th e  p o sitio n  o f  W 7 5 N (B ) is k n o w n  to  b e  < 4 x  1(T18 W c m '^ m -1 
fro m  th e  8 a rcse c  re so lu tio n  m ap  (M o o re  et al. 1988). I f  w e c o n s id e r  th is  m e a su re d  flux  on  
W 7 5 N (B ) to  b e  th e  r e m n a n t o f  th e  in tr in s ic  flux  o f  1 .2 x  10-15 W c n r r 2 / tm " 1, o b ta in e d  fro m  
in te g ra te d  flux  o v e r  so u th  o f  W 75 N (B ) assu m in g  an  a lb e d o  o f  22 p e r  c en t a n d  a so lid  a n g le  o f  
illu m in a tio n  o f  3 .6  s r, a f te r  su ffe rin g  fro m  ex tin c tio n  th ro u g h  th e  d isc , c o m p a riso n  o f  th e  tw o 
fluxes lead s to  a  /G b a n d  ex tin c tio n  o f  > 6 .0  m ag  o r  a v isual ex tin c tio n  o f > 7 0  m ag  fo r  th e  disc. In  
th e  p re se n t  e s tim a tio n , w e  n e g le c t th e  c o n v o lu tio n  d u e  to  th e  v isua l ex tin c tio n  o f  27 m ag  (M o o re  
et al. 1988) b e ca u se  it can  o c cu r e ith e r  th ro u g h  th e  fo re g ro u n d  c lo u d  o r  th ro u g h  th e  d isc . T h is  
c ru d e  e s tim a tio n  is su b je c t  to  la rg e  u n c e r ta in tie s  b u t se rv es  to  d e m o n s tra te  th e  h ig h  c o lu m n  
d en sity  in th e  disc.
3 .2  IR S -4
IR S -4  is an  e x te n d e d  n e a r - in f ra re d  so u rc e  lo c a te d  to  th e  n o r th  o f  IR S -1 . S ince IR S -4  e n v e lo p es  
th e  c o m p a c t H  ii re g io n  W 7 5 N (A ) , IR S -4  m u st b e  e x c ited  by  th e  so u rc e  w h ich  ex c ites  W 7 5 N (A ) . 
A s b e fo re , th e  ra d io  o b se rv a tio n s  d e m a n d  th e  p re se n c e  o f  a t least a BO.5 Z A M S  s ta r  (H a sc h ic k  et 
al. 1981). T h e  s lig h t d isp la c e m e n t b e tw e e n  th e  p e a k s  o f  IR S -4  a n d  W 7 5 N (A ) can  p ro b a b ly  b e  
a ttr ib u te d  to  th e  low  sp a tia l re so lu tio n  (15 arcsec ) o f  o u r  m ap . T h e  sm all p o la r iz a tio n  in d ic a te s  
th a t th e  re fle c te d  lig h t is d o m in a te d  by  th e  u n p o la r iz e d  ligh t as d iscu ssed  a t th e  b eg in n in g  o f  
S ec tio n  3.
T h en  w h a t is th e  d o m in a n t p ro c ess  fo r  th e  d iffuse  n e a r  in fra re d  ligh t o f IR S -4 ?  T h e  c o n tr ib u ­
tion  to  th e  K  flux  fro m  f r e e - f r e e  e m iss io n  is neg lig ib le  (36 m Jy  v e rsu s  200 m Jy ) a n d  th e  so u rc e  is 
m uch  la rg e r  a t  K  th a n  in  th e  ra d io  ( > 3 0 a rcsec  v e rsu s 8 a rcsec ). T h e  o b se rv e d  b r ig h tn e ss  
te m p e ra tu re  ( —240 K ) th ro u g h o u t  IR S -4  is m uch  h ig h e r th a n  th e  b lac k b o d y  e q u ilib r iu m  te m ­
p e ra tu re  p re d ic te d  fo r  g ra in s  a t 0 .1 5 p c  (15 a rcsec  a t th e  d is tan c e  o f  2 k p c )  su rro u n d in g  a B 0 .5 
Z A M S  s ta r  (c/. S e llg ren  et al. 1983).
A  likely  m ec h an ism  to  ra d ia te  n e a r- in f ra re d  ligh t e ffec tiv e ly  is th e rm a l e m iss io n  by  sm all 
(a—10 A) g ra in s  as p ro p o se d  fo r  v isual re fle c tio n  n e b u la e  by S e llg ren  et al. (1983). A  sm all g ra in  is 
h e a te d  u p  to  1000 K  te m p o ra r ily  by a b so rb in g  a sing le  U V  p h o to n  o f  a b o u t 1000 A ( th e rm a l 
flu c tu a tio n  m e c h an ism ). T h is  m ec h an ism  can  a lso  e x p la in  th e  larg e  size o f  IR S -4  re la tiv e  to  
W 7 5 N (A ) b e ca u se  p h o to n s  lo n g e r  th a n  912 A can  p e n e tra te  in to  a  n e u tra l  h y d ro g e n  re g io n . T h e  
co lo u r te m p e ra tu re  is e x p e c te d  to  re m a in  c o n s ta n t w ith  ra d iu s  fo r th is m ec h an ism  b e ca u se  th e  
te m p e ra tu re  o f  th e  sm all g ra in s  d e p e n d s  o n ly  o n  th e  e n e rg y  o f  a  sing le  U V  p h o to n  a n d  th e  size o f 
th e  g ra in  (S e llg ren  1984). T w o  a p e r tu re  p h o to m e try  fo r  IR S -4  (T ab le  2) g ives th e  fo llo w in g  
co lo u rs , J - H = 2 .8 , H - K =  1 .9 , a n d  K - L ' = 3 .1 , fo r  a  2 4 a rc se c  b e a m  a n d  2 .8 , 1.9 a n d  3 .2  fo r  a 
36 a rcsec  b e a m , id en tica l w ith in  th e  e r ro rs .
W e will n e x t e x am in e  th e  c o lo u rs  th em se lv es . T h e  co lo u rs  sh o u ld  n o t o n ly  be  sp a tia lly  c o n s ta n t 
b u t a lso  sh o u ld  b e  e q u a l to  th o se  fo r  v isua l re fle c tio n  n e b u la e  w h en  c o rre c te d  fo r re d d e n in g . T h e  
n e a r- in fra re d  c o lo u rs  fo r  v isua l re fle c tio n  n e b u la e  a r e / - / i = 1 . 0 ,  H - K = 0 .8 , a n d  K - L '—2 .0  m ag  
(N G C 7 0 2 7 , 2023 a n d  2068; S e llg ren  et al. 1983; S e llg ren  1984). T h e n  if  w e  a ssu m e th a t  th e  
in trin sic  c o lo u rs  o f IR S -4  a re  th e  sam e  as v isua l re fle c tio n  n e b u la e , th e  re d d e n in g  h e re  is fo u n d  to  
be  A (J-H )=1.8±0.1 ,  A { H - K ) = l . l ± 0 . l  a n d  A ( K - L ')  =  l . l ± 0 .1 m a g ,  re sp ec tiv e ly . T h ese  
a m o u n ts  o f  re d d e n in g  c o rre sp o n d  to  th e  v isua l e x tin c tio n s  o f  17±  1, 1 8 ± 3  a n d  2 1 ± 3 m a g ,  
re sp ec tiv e ly , u sin g  an  e x tin c tio n  law  by R iek e  & L eb o fsk y  (1985). T h e re fo re ,  w e re g a rd  th e  n e a r-
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in fra re d  co lo u rs  fo r IR S -4  to  b e  c o n s is ten t w ith  th o se  o f  th e  th e rm a l f lu c tu a tio n  m o d e l a f te r  th e  
c o rre c tio n  o f th e  re d d e n in g  fo r  A v=  18 m ag . I t  sh o u ld  b e  n o te d  th a t  th e  flux  c o n tr ib u tio n  a t K  
fro m  a BO.5 Z A M S  s ta r  a t d is tan c e  o f 2 k p c  is less th a n  10 p e r  c en t o f  th e  o b se rv e d  flux  in a 
2 0 arcsec  b e a m , assu m in g  a v isual ex tin c tio n  o f  18 m ag .
3.3 N E A R  I N F R A R E D  E M I S S I O N  A R O U N D  W 7 5 N (A ) A N D  (B )
W 75N (B ) is c o n s id e re d  to  be  a t  an  e a r l ie r  e v o lu tio n a ry  s tag e  th a n  W 7 5 N (A ) b e c a u se  o f  its 
co m p actn ess an d  its a sso c ia tio n  w ith  O H  a n d  H 20  m ase rs  (R y d b e c k  et al. 1969; L o , B u rk e  & 
H asch ick  1975). In  th e  fo llo w in g , w e  will c o m p a re  th e  n e a r  in fra re d  em iss io n  fro m  th ese  tw o  
u ltra co m p a c t H  n  reg io n s .
T h e  d iffuse  c o m p o n e n t so u th  o f  W 7 5 N (B ) w as sh o w n  in S ec tio n  3.1 to  b e  th e  re fle c te d  ligh t 
from  W 7 5 N (B ). T h e re fo re ,  th e  n e a r- in f ra re d  ligh t is n o t e m itte d  in th e  d iffuse  ( ~ 1  pc) a re a  bu t 
em itte d  th e rm a lly  in  th e  v ic in ity  o f  th e  c e n tra l  ‘s ta r ’. O n  th e  o th e r  h a n d , in S ec tio n  3 .2  w e h av e  
a ttr ib u te d  th e  d iffuse  n e a r- in f ra re d  lig h t o f  IR S -4  (W 7 5 N (A ))  to  b e  d u e  to  th e rm a l em iss io n  fro m  
sm all d u st g ra in s in  th e  e x te n d e d  a re a  ( ~ 0 .5 p c ) .
W e in te rp re t  th is d iffe re n ce  in  th e  n e a r- in f ra re d  em iss io n  a ro u n d  th e  tw o  u ltra c o m p a c t H  ii 
reg io n s as a  re su lt o f  th e  d iffe re n ce  in  th e  m e a n -f re e -p a th  o f  U V  p h o to n s , w h ich  is d e te rm in e d  by 
du st d en sitie s  a ro u n d  th e se  H  n  re g io n s ; th is  d iffe re n ce  in d e n sitie s  is d irec tly  a ttr ib u ta b le  to  the  
d iffe ren ce  in e v o lu tio n a ry  s tag es . F a r- in f ra re d  an d  m o le c u la r  line o b se rv a tio n s  a lso  su g g est a 
h ig h er d u st d en sity  a ro u n d  W 7 5 N (B ) th a n  W 7 5 N (A ). T h e  p e a k  o f  th e  5 3 /rm  em iss io n  (H a rv e y , 
C am p b e ll & H o ffm an n  1977) lies c lose  to  W 7 5 N (B ), w h e rea s  th a t  o f 2 0 //m  e m iss io n  (W y n n - 
W illiam s, B eck lin  &  N e u g e b a u e r  1974) is c o in c id e n t w ith  W 7 5 N (A ). T h u s  th e  c o lo u r  te m p e ra ­
tu re  a ro u n d  W 7 5 N (A ) is h ig h e r  th a n  th a t  a ro u n d  W 7 5 N (B ), su g g estin g  th a t  th e  d u s t g ra in s 
a ro u n d  W 7 5 N (A ) a re  ex p o se d  to  la rg e r U V  flux  th a n  th o se  a ro u n d  W 7 5 N (B ), d u e  to  lo w er d u st 
d ensity . T h e  CS 7 = 2 - 1  a n d  1 -0  o b se rv a tio n s  (M o o re  et al., in p re p a ra tio n )  a lso  in d ic a te  th a t  th e  
CS c lo u d  a ro u n d  W 7 5 N (B ) is d e n se r  th a n  th a t  a ro u n d  W 7 5 N (A ).
T h u s in W 7 5 N (B ) th e  U V  flux is c o n v e r te d  in to  n e a r- in f ra re d  p h o to n s  in th e  im m e d ia te  v icin ity  
o f th e  c en tra l so u rc e . T h e se  p h o to n s  th e n  s c a tte r  f ro m  d u s t o n  a scale  o f a  p a rsec . In  W 7 5 N (A ) 
U V  p h o to n s  trav e l a b o u t a  p a rsec  b e fo re  b e in g  c o n v e rte d  in to  th e  n e a r- in f ra re d  p h o to n s  by th e  
th e rm a l f lu c tu a tio n  m ec h an ism  in sm all g ra ins.
4 C onclusions
W e s tu d ied  th e  n ew  in f ra re d  re fle c tio n  n e b u la  in th e  W 75N  re g io n  by p o la r iz a tio n  m ap p in g  a t K. 
T h e  m ain  co n clu sio n s a re  su m m ariz ed  as fo llow s.
(i) T h e  illu m in a tin g  so u rce  o f  th is  in fra re d  re fle c tio n  n e b u la  is id en tif ie d  w ith  th e  u ltra c o m p a c t 
H  i i  reg io n , W 7 5 N (B ).
(ii) IR S -1 , th e  b r ig h te s t so u rc e  a t  K, is n o t a  se lf-lu m in o u s so u rce  b u t is th e  b r ig h te s t  k n o t  o f  th e  
in fra re d  re fle c tio n  n e b u la .
(iii) T h e  excess K -b an d  flux su rro u n d in g  W 7 5 N (A ) can  b e  e x p la in ed  by  th e rm a l e m iss io n  fro m  
sm all (a—10 A) gra ins.
(iv) T h e  d iffe re n t p o la r iz a tio n  a n d  sp a tia l d is tr ib u tio n s  o f  th e  d iffu se  n e a r- in f ra re d  em iss io n  
a ro u n d  th e  tw o  c o m p a c t H  i i  re g io n s  W 75N ( A ) a n d  (B ) is a d irec t c o n se q u e n c e  o f  th e ir  d iffe re n ce  
in an  e v o lu tio n a ry  s tag e.
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Sum m ary. W e h av e  sc a n n ed  th e  re g io n  a ro u n d  th e  O H  m ase r so u rce  D R 2 1  (O H ) 
w ith  a  2 0 -a rcsec  b e a m  a t a  w a v e le n g th  o f  35 0 /rm  a n d  d isc o v e re d  a h i th e r to  
u n k n o w n  d o u b le  s tru c tu re ,  w ith  tw o  p e a k s  o f  ro u g h ly  e q u a l m ass s e p a ra te d  by 
4 0 a rc se c  (0 .1  pc) in  d e c lin a tio n . T h e  n o r th e rn m o s t  p e a k  is c o in c id en t w ith  th e  
O H  m a se r  p o s itio n  a n d  th e  c e n tro id  o f  th e  fa r- in f ra re d  e m iss io n , w h ile  th e  
so u th e rn  so u rc e  has n o t  p re v io u s ly  b e e n  fo u n d  a t  an y  w a v e le n g th . B o th  so u rces  
a re  e x tre m e ly  d e n se  a n d  d e ep ly  e m b e d d e d , w ith  o p tica l d e p th s  o f o rd e r  u n ity  
ev en  in th e  fa r- in f ra re d . T h e  so u th e rn  so u rce  m ay  be o n e  o f  th e  d e n se s t m o le c u la r  
co res  y e t fo u n d , a n d  is a  c a n d id a te  p ro to s ta r .  T h ese  re su lts  co n firm  th a t  O B  s ta r  
fo rm a tio n  can  o c cu r d e e p  w ith in  m o le c u la r  c lo u d s , a n d  n o t ju s t  a t th e ir  edg es .
1 Introduction
T h e  D R 2 1 /W 7 5  c o m p le x  in th e  C y g n u s-X  re g io n  h as  b e e n  ex ten siv e ly  s tu d ie d  in m o le c u la r  lines 
(e .g . D ic k e l, D ic k e l &  W ilso n  1978; R ic h a rd so n  et al. 1986a) a n d  fa r- in f ra re d  c o n tin u u m  (e .g . 
H a rv ey  et al. 1986). D ick e l et al. c o n c lu d e  th a t  it con sists  o f  tw o  co llid in g  c lo u d s , th e  D R 2 1  c lo u d  
w ith  a v e lo c ity  o f  —3 k m s _1 a n d  th e  W 75 c lo u d  w ith  a  v e lo c ity  o f  1 1 k m s -1 . T h e re  a re  sev e ra l 
e x ten s iv e  re g io n s  o f  s ta r  fo rm a tio n , n a m e ly  D R 2 1 , D R 21  (O H ) , W 75N  a n d  a  re g io n  to  th e  n o r th  
o f  D R 2 1  (O H )  c lose  to  an  H , 0  m a se r  p o s itio n . D e ta ile d  o b se rv a tio n s  h av e  c o n c e n tra te d  on
D R 2 1  a n d  th e  n o r th e rn  m a se r  so u rc e , w h ile  D R 2 1  (O H )  h as  b e e n  re la tiv e ly  n e g le c te d .
T h e  D R 2 1  (O H )  p o s itio n  h as  a lso  b e e n  re fe r re d  to  in  th e  l i te ra tu re  as W 75-S a n d  W 75 (O H ) ,
b u t D ick e l etal. c o n c lu d e  th a t  it is p a r t  o f  th e  - 3  k m  s _1 D R 2 1  c lo u d  r a th e r  th a n  th e  11 k m  s~ l W 75 
c lo u d , so  w e sha ll u se  th e  n a m e  D R 2 1  (O H ) . W e o b se rv e d  th is  so u rc e  as p a r t  o f  a  p ro g ra m m e  o f 
o b se rv a tio n s  o f  d e n se  m o le c u la r  c o re s  a t 3 5 0 ^ m  (C u n n in g h a m  et al. 1984; C u n n in g h a m , G riffin
& G e e , in  p re p a ra tio n ;  G e a r  et al. 1986; R ic h a rd so n  et al. 1986b). S u b m illim e tre  c o n tin u u m
o b se rv a tio n s  a re  an  ex ce llen t t r a c e r  o f  th e  co lu m n  d en sity  in such  reg io n s  (H ild e b ra n d  1983) since 
th e  em iss io n  is a lm o st a lw ays o p tica lly  th in  a n d , on  th e  lo n g -w av e len g th  side  o f  th e  th e rm a l 
sp e c tru m , is n o t  sen sitiv e  to  te m p e ra tu re  v a r ia tio n s , u n lik e  fa r- in f ra re d  o b se rv a tio n s .
I t  is a  re m a rk a b le  fa c t th a t ,  fo r  th e  sm all n u m b e r  o f  d en se  m o le c u la r  co res  fo r  w h ich  
su b m illim e tre  c o n tin u u m  m ap s a re  a v a ilab le , a p rev io u s ly  u n k n o w n  coo l d e n se  p ro to s te l la r  
co n d en sa tio n  has b e en  fo u n d  in  a lm o st ev ery  case  (K e e n e , H ild e b ra n d  & W h itc o m b  1982; G e za ri 
1982; Ja ffe  etal. 1983 ,1 9 8 4 ; C u n n in g h am  et al. 1984, a n d  in p re p a ra tio n ) .  In  th is p a p e r  we p re se n t 
a  h ig h -reso lu tio n  scan  a t  3 5 0 /rm  th ro u g h  D R 2 1  (O H )  w hich  re v ea ls  a  d o u b le  s tru c tu re  w h ich  h a d  
re m a in e d  p rev io u sly  u n d isc o v e re d  d e sp ite  th e  reg io n  h av in g  b e e n  m ap p e d  w ith  sim ila r re so lu tio n  
in  th e  fa r- in fra re d  (H a rv e y  et al. 1986). D e sp ite  th e  u n c e r ta in  te m p e ra tu re  o f  th e  tw o  s o u rc e s , it is 
c lea r  th a t  th e y  a re  a m o n g s t th e  d e n se s t such  co res  so  fa r  d isc o v ere d .
2 O bservations
P re lim in ary  o b se rv a tio n s  re v ea lin g  th e  d o u b le  s tru c tu re  o f  D R 21  (O H )  w ere  m ad e  d u rin g  
day lig h t o b se rv in g  in  1986 A p ril. M o re  d e ta ile d  o b se rv a tio n s  co n firm in g  th is  re su lt w e re  m ad e  
d u rin g  n ig h t-tim e  o b se rv in g  in 1986 Ju ly . A ll o b se rv a tio n s  w ere  m ad e  u sin g  th e  c o m m o n -u se r  
su b m illim e tre  p h o to m e te r  U K T 1 4  on  th e  U n ite d  K in g d o m  In fra re d  T e le sco p e  o n  M a u n a  K ea , 
H aw aii. C a lib ra tio n  w as p e rfo rm e d  ag a in s t J u p i te r  a n d  S a tu rn .
T h e  a p e r tu re  w as 21 m m  c o rre sp o n d in g  to  a  b eam size  o f  20 a rcsec , m e a su re d  ag a in st M ars. 
T h ese  a re  th e  first p u b lish ed  o b se rv a tio n s  w ith  such  a sm all b e am  a t 3 5 0 /im . F irs t, w e m ad e  a fully  
sam p led  scan  o f  th e  D R 2 1  (O H )  re g io n  in  th e  n o r th - s o u th  d irec tio n . A t d is tan c es  o f 90 a rcsec  
n o rth  a n d  so u th  th e  em iss io n  b eco m es c o n ta m in a te d  by th e  c o n tr ib u tio n s  fro m  th e  H ; 0  m ase r 
sou rce  a n d  D R 21  re sp ec tiv e ly  (see  R ie k e  et al. 1973; H a rv ey  et al. 1986). W e  th e n  m ad e  e a s t-w e s t  
scans a t th e  p o s itio n s  o f th e  tw o  p e a k s  fo u n d  in th e  d e c lin a tio n  scan . T h e  p o in tin g  u n c e rta in ty  in 
th ese  scans w as a p p ro x im a te ly  2 a rcsec .
3 Results
T h e  re su lts  o f  o u r  n o r th - s o u th  scan  p h o to m e try  a re  g iven  in T ab le  1 an d  d isp lay ed  in F ig . 1. T h e  
u n c e r ta in tie s  q u o te d  fo r all fluxes a re  s ta tis tic a l, a n d  w e e s tim a te  th e  ab so lu te  u n c e rta in ty  in th e
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Table 1. 350 declination 
scan through DR21 (OH).
Dec. offset Flux (Jy)
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-5 0 201 ±4
-6 0 102±5
-7 0 57±6
-8 0 45 ±3
-9 0 29±6
-100 36±4
Submillimetre observations o f DR21 (OH) 49p
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Figure 1. A declination scan through the DR21 (OH) region, revealing a clear double structure,
c a lib ra tio n  to  be  a p p ro x im a te ly  20 p e r  c e n t. T h e  p o s itio n s  a re  g iven  as d e c lin a tio n  o ffse ts  fro m  
th e  m ap  c e n tre  w hich  w as a t R A = 2 0 h37m14l9, D e c . =  + 4 2 ° 12' 10" (1950). I t  is c le a r  th a t  th e  
em iss io n  is n o t sy m m etric  a n d  th a t  th e re  is an  ex te n s io n  to  th e  so u th  w ith  a se c o n d a ry  p e a k  a t 
a ro u n d  - 4 0  a rcsec .
In  o rd e r  to  se p a ra te  th e  c o n tr ib u tio n s  o f  th e  tw o  p e a k s  w e first u sed  a n o n - lin e a r  le a s t-sq u a re s  
fitting  p ro g ra m m e  (B e v in g to n  1969) to  fit th e  fo u r  p o in ts  a t + 2 0 , + 1 0 , 0 a n d  - 1 0  assu m in g
Figure 2. Best fit to the four points defining the DR21 (OH) peak, shown as a broken line. The fit is a Gaussian of 
FWHM 33 arcsec, which after deconvolving the beamwidth of 20 arcsec, gives a source size of 26 arcsec.
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Figure 3. The best fit to the points defining the southern peak which were obtained by subtracting the fit shown in Fig. 
2 from the fluxes given in Table 1. The fit is a Gaussian of FWHM 27 arcsec, which after deconvolving the beamwidth 
of 20 arcsec, gives a source size of 19 arcsec.
G au ss ian  so u rce  a n d  b e am  d is tr ib u tio n s , a n d  a llow ing  th e  p e a k  flux, p o sitio n  a n d  F W H M  as free  
p a ra m e te rs . T h e  re su ltin g  b es t fit is sh o w n  in F ig . 2. T h e  fitted  F W H M  gives a  so u rc e  w id th , a f te r  
d eco n v o lv in g  th e  b e a m w id th , o f  2 6 ± 1  a rcsec  an d  a fitted  p e a k  flux o f  5 1 0 ±  10 Jy . T h is  fit w as th e n  
su b tra c te d  fro m  th e  fluxes a t  - 5 0 ,  - 4 0 ,  - 3 0  an d  —10 a n d  th e  re su lta n t d e r iv e d  fluxes f itted . T h is
dec o ffse t (a rc se c )
Figure 4. The full declination scan through theDR21 (OH) region, together with the sum of our two best fits shown by 
a solid line. The broken lines indicate the telescope beam, plotted at the position of the two peaks.
Submillimetre observations of  DR21 (OH) 51p
Table 2. RA scan at declination
offset 0.
Offset Flux (Jy)











fit is sh o w n  in  F ig . 3. T h e  b e s t fit gave  a  p e a k  flux o f  3 2 0 ± 1 0 J y  a n d  a  so u rc e  w id th , a f te r  
d eco n v o lv in g  th e  b e a m , o f  1 9 ± 3  a rcsec . In  F ig . 4  w e sh o w  th e  w h o le  scan  th ro u g h  th e  so u rc e , w ith  
th e  d a rk  lin e  b e in g  th e  su m  o f  th e  tw o  fits a n d  th e  b ro k e n  lines in d ic a tin g  th e  b e a m w id th , p lo tte d  
a t  th e  p o s itio n s  o f  th e  tw o  p e ak s . W e  h a v e  c lea rly  o b ta in e d  a  g o o d  fit to  th e  scan .
T h e  re su lts  fo r  th e  e a s t-w e s t  scan  a t a  d e c lin a tio n  o ffse t o f  0 a re  g iven  in  T a b le  2. A  fit w as m a d e  
to  th e  p o in ts  a t R A  o ffse ts  - 3 0 ,  —2 0 , - 1 0 ,  0 , + 1 0 , + 2 0 . T h e  re s u l ta n t  b e s t  fit, sh o w n  in  F ig . 5 , 
gave  a  so u rc e  w id th , a f te r  d e co n v o lv in g  th e  b e a m , o f  31 ± 1  arcsec . T h e  re su lts  fo r  th e  e a s t-w e s t  
scan  a t a  d e c lin a tio n  o ffse t o f —40 a re  g iv en  in  T a b le  3. T h e  b e s t fit to  th e  p o in ts  a t  —30, —20, —10, 
0 , + 1 0 , + 2 0  a n d  + 3 0  is sh o w n  in  F ig . 6 . T h e  f itted  so u rce  size , a f te r  d eco n v o lv in g  th e  b e a m  is 
41 ± 8  a rcsec .
B a se d  o n  th e  R A  a n d  D e c . scan s, th e  b e st-fit p o s itio n s  a re  20h37m14s2 ,  + 4 2 °  12 ' 11" fo r  th e  
D R 2 1  (O H )  m a se r  s o u rc e  a n d  2 0 h37m 14s.6 , + 4 2 °  11 ' 31" fo r  th e  n ew ly  d isc o v e re d  so u th e rn  so u rc e .
r a  o ffse t (a rc se c )
Figure S. The best fit to the RA scan through the DR21 (OH) position. The fit is a Gaussian of FWHM 37 arcsec, 
which after deconvolving the beamwidth of 20 arcsec gives a source size of 31 arcsec.
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Table 3. R A  scan at declination
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Figure 6. The best fit to the RA scan through the southern source positon. The fit is a Gaussian of FWHM 46arcsec, 
which after deconvolving the beamwidth of 20arcsec gives a source size of 41 arcsec.
T h e  v a lu e  o f  th e  re d u c e d  c h i-sq u a re d  s ta tis tic  fo r  all th e  fits d iscu ssed  w as 1 o r  less, in d ic a tin g  
go o d  fits.
4 D iscussion
4.1 TH E OH MAS ER S OU R C E
T h e  b est-fittin g  p o s it io n  fo r  th e  n o r th e rn  a n d  s tro n g e r  o f  th e  tw o  p e ak s  is c o in c id en t w ith in  th e  
u n c e rta in tie s  w ith  th e  p o s itio n  o f  th e  O H  m a se r  so u rc e  g iven  b y  D ic k e l et al. (1978). T h e  
c en tro id s  o f  th e  50- a n d  lOO-wm m ap s p re se n te d  by  H a rv e y  et al. (1986) w e re  a lso  id en tica l w ith  
th is p o sitio n , in d ic a tin g  th a t  th e  so u rc e  p o w e rin g  th e  O H  m a se r  is th e  m o st lu m in o u s  in  th e  
reg io n .
H a rv ey  et al. d e riv e  a  te m p e ra tu re  o f  36 K  fo r  th is  so u rc e , assu m in g  a A-1 d u s t em issiv ity  law , 
an d  u sing  th is v a lu e  a n d  th e  size d e r iv e d  in  S ec tio n  3 w e find  a  350-Mm o p tic a l d e p th  fo r  th e  c e n tra l
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p o s itio n  o f  0 .24 . T h is  is m u ch  h ig h e r  th a n  ty p ica l v a lu e s  fo r  reg io n s  o f  s ta r  fo rm a tio n  (e .g . 
C u n n in g h am  1982; Ja f fe  et al. 1984) a n d  is c o m p a ra b le  w ith  th e  d e n se  c o n d e n s a tio n  w e h av e  
p rev io u s ly  d isc o v e re d  a t  W 51 (m a in ) (C u n n in g h a m  et al. 1984). U s in g  a v a lu e  o f  A y / r ^  o f  4700 
(G e a r  et al. 1986) th is  c o rre sp o n d s  to  a  v isu a l e x tin c tio n  o f  1 1 0 0 m ag! T h is  ex p la in s  w hy  th e  
s tro n g e s t n e a r- in f ra re d  so u rc e  in th is  re g io n  is a t  W 7 5 IR S 1  (G a rd e n  et al. 1986); th e  e x tin c tio n  a t 
th e  m a se r  p o s itio n  is s im p ly  to o  g re a t ,  e v en  in  th e  n e a r- in f ra re d . In  fa c t th is  so u rc e  w ill h a v e  an  
o p tic a l d e p th  o f  u n ity  e v en  a t 1 0 0 /u n . N o te  th a t  th is  h igh  ex tin c tio n  c o u ld  re su lt in  an  
u n d e re s t im a te  o f  th e  te m p e ra tu re  by  sev e ra l d e g ree s .
U s in g  th e  re la tio n s  b e tw e e n  r 350 a n d  h y d ro g e n  c o lu m n  d e n s ity  d e r iv e d  by  H ild e b ra n d  (1983) 
fro m  th e  re su lts  o f  W h itc o m b  et al. (1 9 8 1 ), b u t  m o d ified  fo r  G a u ss ia n  g e o m e try  (G e e  1987), w e  
find a  p e a k  c o lu m n  d e n s ity  N ( H + H 2) =  1 .2 x l 0 24c m " 2 a n d , a ssu m in g  a  d is ta n c e  o f  3 k p c , a  loca l 
p e a k  d e n sity  o f  n ( H + H 2) = 8 . 6 x l 0 5c m -3 . T h e  to ta l  d e r iv e d  m ass fo r  th is  so u rc e  is 5 . 0 x l 0 3M G.
4 .2  T H E  S O U T H E R N  S O U R C E
T h e  so u th e rn ,  w e a k e r  so u rc e  d o e s  n o t  show  u p  a t all o n  th e  50- a n d  100-/¿m m ap s  o f  H a rv e y  et al. 
(1986), a n d  it m u st th e re fo re  b e  c o n s id e ra b ly  c o o le r  th a n  th e  m a s e r  so u rc e , b u t  w ith o u t m o re  
sp e c tra l in fo rm a tio n  w e a re  u n a b le  to  c o n s tra in  its  te m p e ra tu re .  W e  can  n e v e r th e le s s  still se t 
u se fu l lo w er lim its o n  its  d e n s ity  a n d  m ass. A ssu m in g  7’< 3 0  K  w e  find  a  lo w er lim it to  th e  o p tic a l 
d e p th  a t  3 5 0 /u n  o f  0 .23  a n d  to  th e  c o lu m n  d e n s ity  N  ( H + H 2) o f  l . l x l 0 24c m -2 , c o rre sp o n d in g  to  
A V>11()() m ag . T h e  lo w e r lim it to  th e  lo ca l d e n s ity  is a p p ro x im a te ly  106c m r 3, m ak in g  th is  so u ce  
o n e  o f  th e  d e n se s t c lo u d  c o re s  y e t fo u n d . I f  th e  te m p e ra tu re  o f  th is  so u rc e  is s ign ifican tly  c o o le r  
th a n  30 K  it w ill in  fa c t b e  o p tic a lly  th ic k  e v en  a t  350 ftm. P ro v id e d  th e  350-/rm  e m iss io n  is n o t  
o p tica lly  th ic k , th e  d e r iv e d  m ass is o n ly  lin e a rly  d e p e n d e n t  o n  its te m p e ra tu re ;  fo r  T < 3 0 K  w e 
e s tim a te  M > 104M o .
W e a lso  n o te  th a t ,  u n lik e  th e  m a s e r  so u rc e  p o s it io n , th is  so u rc e  is c o n s id e ra b ly  e lo n g a te d  in  th e  
e a s t-w e s t  d ire c tio n ; th is  m ay  in d ic a te  a  d isc-like  s tru c tu re , o r  a lte rn a tiv e ly  o b se rv a tio n s  a t  e v en  
h ig h e r re so lu tio n  m ay  re v e a l a  fu r th e r  su b d iv is io n  in to  m o re  th a n  o n e  so u rce .
I t  is c le a r  th a t  fu r th e r  o b se rv a tio n s  o f  th is e x tre m e ly  in te re s tin g  so u rce  a re  re q u ire d  in  b o th  
su b m illim e tre  c o n tin u u m , w ith  e v en  h ig h e r  sp a tia l r e so lu tio n , a n d  in m o le c u la r  lin e  t ra c e rs  w hich  
m ay  b e  a b le  to  p ro b e  th e  e x tre m e ly  d e n se  c o n d itio n s  w hich  a p p e a r  to  b e  fo u n d  th e re .  S uch  
o b se rv a tio n s  m ay  a lso  sh e d  lig h t o n  th e  e v o lu tio n a ry  s ta tu s  o f  th is  so u rc e , w h ich  is c e r ta in ly  co o l 
e n o u g h  a n d  d e n se  e n o u g h  to  b e  a c a n d id a te  a cc re tin g  p ro to s ta r .
5 C onclusions
T h e  re m a rk a b le  success o f  su b m illim e tre  c o n tin u u m  o b se rv a tio n s  in  d isco v erin g  p re v io u s ly  
u n k n o w n  co o l d e n se  c o n d e n sa tio n s  h a s  b e e n  n o te d  p rev io u s ly  by  Ja ffe  et al. (1984). D R 2 1  (O H ) 
jo in s  th e  list o f  N G C  63341 (G e z a r i  1982), W 3, O M C 1  a n d  S255 (Ja ffe  et al. 1984), W 51 
(C u n n in g h a m  et al. 1984) a n d  S g rB 2  (C u n n in g h a m  et al., in p re p a ra tio n )  w h ich  h a v e  b e e n  
m ap p e d  in  th e  su b m illim e tre  c o n tin u u m  a n d  all o f  w hich  h av e  b e e n  fo u n d  to  c o n ta in  c losely- 
sp aced  c o n d e n sa tio n s . A s Ja ffe  et al. h av e  p o in te d  o u t, th e  su b m illim e tre  o p tic a l d e p th s  o f  th e se  
reg io n s a lso  im p ly  th a t  th e y  a re  d e ep ly  e m b e d d e d  w ith in  th e ir  p a re n t  c lo u d s , r a th e r  th a n  fo rm in g  
a t  th e  e d g es . O u r  re su lts  fo r  D R 2 1  (O H )  in  th is  p a p e r  confirm  th is  c o n c lu s io n , a n d  th e  tw o  so u rc es  
a re  a m o n g  th e  m o st d e e p ly  e m b e d d e d  c o n d e n sa tio n s  y e t fo u n d .
T h e  D R 2 1  re g io n  a p p e a rs  to  b e  p a r tic u la r ly  ac tiv e  in  fo rm in g  s ta rs , w ith  th e  c o n d e n sa tio n s  
d isc o v e re d  in  th is  p a p e r  a n d  a lso  th e  co o l y o u n g  so u rc e  fu r th e r  to  th e  n o r th  first d isc o v e re d  a t 
1 m m  by  W e rn e r  et al. (1975) a n d  c o in c id en t w ith  an  H 20  m ase r. F u r th e r  in v es tig a tio n s  o f  th e se  
reg io n s  a re  re q u ire d ,  in  p a r tic u la r  h ig h  sp a tia l re so lu tio n  su b m illim e tre  o b se rv a tio n s  a t  m o re  th a n
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o n e  w a v e le n g th  a re  e sse n tia l fo r  d e te rm in in g  th e  te m p e ra tu re  a n d  lu m in o sity  o f  th e  tw o  so u rc es . 
In  o rd e r  to  in v e s tig a te  fu lly  th e  s tru c tu re  a n d  e v o lu tio n a ry  s ta tu s  in th e  D R 2 1  (O H ) - s o u th  
so u rc e , m e a su re m e n ts  in  b o th  c o n tin u u m  a n d  m o le c u la r  lines w ill b e  re q u ire d  a t  e v en  h ig h e r  
sp a tia l re so lu tio n .
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Sum m ary. C S (7 =  7 - 6 )  o b se rv a t io n s  o f  N G C  2 0 2 4 , a t 1 5 -a rc se c  re so lu tio n , 
sh o w  s tro n g  e m iss io n  c lo se ly  a s so c ia te d  w ith  th e  re c e n tly  id en tif ie d  
su b m illim e tre  c o n tin u u m  so u rc es . S ig n ifican t e x c ita tio n  o f  th is  line  in d ic a te s  th e  
p re se n c e  o f  lo ca liz ed  re g io n s  o f  d e n se , h e a te d  m o le c u la r  gas a n d  im p lies  th a t  
th e  c o n tin u u m  p e a k s  c o n ta in  h e a v ily -o b sc u re d  lu m in o u s  s te lla r  c o re s . A  lo w e r 
lim it o f  2 8  K  is o b ta in e d  fo r  th e  line  e x c ita tio n  te m p e ra tu re  f ro m  th e  o b se rv e d  
line  s tre n g th s . A  re -a n a ly s is  o f  ex is tin g  c o n tin u u m  d a ta  p re d ic ts  a n  e ffec tiv e  
d u s t  te m p e ra tu re  o f  7'd =  4 7 K  o v e r  th e  w h o le  reg io n . L o w e r  lim its  o f  
~  3 x  10 26 m  ~2 a r e  d e r iv e d  fo r  th e  c o lu m n  d e n s ity  o f  h e a te d  m o le c u la r  h y d ro ­
gen  to w a rd  e a c h  c o n tin u u m  so u rc e , a ssu m in g  Tex =  Td a n d  o p tic a lly  th in  lines. 
T h e r e  is so m e  e v id e n c e  fo r  s ig n ifican t o p tic a l th ic k n e ss  in  7 =  7 — 6 to w a rd  a t 
lea s t tw o  o f  th e  so u rc es .
1 In trod uction
In  a  re c e n t  p a p e r , M e z g e r  et al. (1 9 8 8 )  (h e re a f te r  M 8 8 ) p re s e n te d  h ig h -re s o lu tio n  m a p s  o f  th e  
1 3 0 0 - /rm  d u s t  em iss io n  fro m  th e  c lo u d  c o re  re g io n  o f  N G C  2 0 2 4  a n d  r e p o r te d  six new  
so u rc e s , p re v io u s ly  u n d e te c te d  by  fa r- in f ra re d  a n d  lo w -re s o lu tio n  m o le c u la r  lin e  s tu d ies . B y 
usin g  a  th re e -c o m p o n e n t m o d e l o f  th e  1 2 -/<m  to  1 3 0 0 - / tm  c o n tin u u m , th e s e  n ew  o b je c ts  w e re  
in te rp re te d  as h ig h -d en s ity  (wH ~  1 0 l4- 1 0 15m ~ 3), c o ld  {Td ~ 1 6 K ) , iso th e rm a l c o n d e n s a t io n s  
w ith o u t lu m in o u s  s te lla r  c o re s , i.e. t ru e  p ro to s ta r s .
T h e  tim e -sc a le  fo r  th e  iso th e rm a l p h a se  o f  p r o to s ta r  d e v e lo p m e n t (e.g. N a k a n o  1 9 8 5 )  is 
like ly  to  b e  sig n ifican tly  s h o r te r  th a n  th e  s o u n d -c ro s s in g  tim e  o f  th e  c lo u d  ( ~ 1 0 f’ yr). T h e  
p re se n c e  o f  six  so u rc e s  in  ro u g h ly  th e  sa m e  e v o lu tio n a ry  s ta te  th u s  im p lie s  s im u lta n e o u s  
fo rm a tio n , p re su m a b ly  b y  c o n tra c t io n  a n d  fra g m e n ta t io n  o f  th e  e n tire  c lo u d . T o  fin d  o u t  m o re  
a b o u t  th e  e v o lu tio n a ry  s ta te  o f  th e  new  so u rc e s  a n d  th e  p h y sica l c o n d it io n s  in  th e ir  v icin ity , w e 
h a v e  o b se rv e d  th e  re g io n  a t 1 5 -a rc se c  re so lu tio n  in  th e  7 =  7 -  6 t r a n s it io n  o f  C S  (d e te c te d  in  a 
la rg e  b e a m  b y  E v a n s  et al. 1 9 8 7 ), m a p p in g  th e  d is t r ib u t io n  o f  w a rm  gas a n d  d e te rm in in g  its 
re la tio n s h ip  to  th e  su b m illim e tre  c o re s .
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2 O bservation s and resu lts
T h e  o b se rv a tio n s  w e re  m a d e  w ith  th e  1 5 -m  Ja m e s  C le rk  M a x w e ll T e le sc o p e  ( JC M T )  o n  
M a u n a  K ea , H aw a ii, d u r in g  th e  n ig h ts  o f  1 9 8 8  S e p te m b e r  8 - 1 1 ,  w ith  th e  c o m m o n -u se r , 
3 4 5  G H z  S c h o ttk y  re c e iv e r  a n d  a 1 0 2 4 -c h a n n e l  A O S  b a c k e n d . Fu lly  sa m p lin g  w ith  a n  8- 
a rc se c  re g u la r  g rid , w e  h a v e  m a p p e d  a n  a re a  c o n ta in in g  a ll six F I R  s o u rc e s  id en tif ie d  b y  M 88 
a n d  c o v e rin g  m o s t o f  th e  d a rk  c lo u d  c o re  re g io n . T h e  b e a m  size  a t  3 4 3  G H z  w a s 15 a rcse c . 
T h e  re su lts  a re  sh o w n  as m ap s  o f  in te g ra te d  a n te n n a  te m p e ra tu re  ( T * ) in  F ig . l ( a ) a n d  p e a k  T* 
in  F ig . 1(b). I t  sh o u ld  b e  n o te d  th a t  th e  p o r t io n  o f  th e  m a p  c o v e rin g  th e  n o r th e rn m o s t  c o n ­
tin u u m  so u rc e , F I R  1, is n o t  w ell sa m p le d . O n ly  tw o  d a ta  p o in ts  w e re  o b ta in e d  to  th e  n o r th  o f  
th is  o b jec t.
T h e  v a lu es o f  p e a k  T% to w a rd  e a c h  o f  th e  M 88  so u rc e s  c o v e re d  b y  F ig . 1 a re  lis ted  in  T ab le  
1. F o r  c o n v e rs io n  to  th e  T £ sca le , th e  fo rw a rd  sc a tte r in g  e ffic ien cy  is r)fss =  0 .8 . T o ta l o n -so u rc e  
in te g ra tio n  tim e  p e r  p o in t w as 6 0 - 9 0  s, y ie ld in g  m e a n  rm s  n o ise  leve ls o f  1 .2  K  p e r  4 8 8 -k H z  
c h an n e l. T h e  l a  n o ise  in  F ig . 1(a) is 0 .3  K  k m s ~ '. C a lib ra tio n  w as d o n e  v ia  a n  in te rn a l ro ta tin g  
h o t lo ad . A b so lu te  p o in tin g  w as c h e c k e d  a t in te rv a ls  o f  a b o u t  4 5  m in  ag a in s t th e  m o le c u la r  line  
p e a k  in  O M C -1  (M a sso n  etal. 1 9 8 7 )  a n d  th e  rm s e r r o r  w as less th a n  3 a rc se c  th ro u g h o u t.
3  D iscu ssio n
3.1 T H E  W A R M  M O L E C U L A R  G A S
Fig . 1 sh o w s c lea rly  th a t  th e  w a rm  m o le c u la r  gas t ra c e d  b y  C S ( 7 = 7  - 6 ) (J=  7 is a t  E /k  =  6 6  K  
a b o v e  th e  g ro u n d  s ta te )  is lo ca liz ed  a t o r  v e ry  n e a r  th e  p o s itio n s  o f  th e  su b m illim e tre  
c o n d e n s a tio n s  re p o r te d  b y  M 8 8 . T h is  im p lies  th a t  th e re  a re  d is c re te  re g io n s  o f  h e a te d  gas 
a sso c ia ted  w ith  e ac h  o f  F IR  2 - 6 ,  a n d  h e n c e  th a t  th e re  a re  p ro b a b ly  se lf- lu m in o u s  h e a tin g  
so u rc e s  w ith in  e ac h  co re . A  re la tiv e ly  a d v a n c e d  s ta te  o f  e v o lu tio n  in F I R  6 is a lso  in fe r re d  by  
its c lo se  p ro x im ity  to  th e  o rig in  o f  a n  ex te n siv e  b ip o la r  m o le c u la r  o u tflo w  (S a n d e rs  &  W illn e r
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Figure 1. (a) Integrated CS(7 = 7 -  6) emission (jT%( V ) d V )  in NGC 2024. Contours are drawn at 5, 
20 K km s " '. The 1 o noise level is around 0.3 K k m s "  '. The offset centre is 5 h39"T2;2 -  1°56'30" 
Contours of peak 7"* at intervals of 1.5 K from 3 K. The mean 1 o  noise level is ~ 0.8 K.
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Table 1. Observed and derived parameters toward FIR  sources.
source peak T'a /T t(V )d V T L N fJe V0 m d (1300 pm)
/K /Kkm s-1 /K /1017m-2 /km s-1 /M 0
FIE. 1 2.9 6.0 13.9 0.9 8.2 1.9
FIR 2 7.9“ 20.2° 27.2 3.1 8.0 2.0
FIR 3 8.4“ 21.8° 28.5 3.3 10.0 6.5
FIR 4 8.1° 16.86 27.7 2.5 8.3 4.9
FIR 5 5.8 20.0“ 21.7 3.0 9.3 10.5
FIR 6 6.1 22.3 22.5 3.4 11.2 4.3
“Value from nearest peak (Fig. 1) if within one beam radius. ^Values from 
peak 7* position. “Lower limit for high optical depth and filling factor (see 
text). JHydrogen masses from M88, adjusted for 7"d =  47 K, f}= 1.60.
1 9 8 5 )  a n d  a n  F E O  m a s e r  (G e n ze l & D o w n e s  1 9 7 7 ), th e  la t te r  b e in g  f re q u e n tly  a s so c ia te d  w ith  
en e rg e tic  o u tflo w  so u rc e s . T h e  o n ly  c o n tin u u m  s o u rc e  w ith o u t a  n e a rb y  p e a k  in  T% o r  
jT * ( V ) d V  is th e  fa in te s t  (a t 1 3 0 0 / tm )  a n d  m o s t n o r th e rn  o b je c t,  F I R  1. T h is  m ay  in d ic a te  a 
lack  o f  w a rm  gas a t th is  p o s it io n , b u t  th e  m a p  is n o t w e ll-sa m p le d  in  th is  a re a  a n d  fu r th e r  
o b se rv a tio n s  m ay  b e  re q u ire d  o f  th is  o b jec t.
A  lo w e r lim it to  th e  e ffec tiv e  line  e x c ita tio n  te m p e ra tu re  ( Ta ) c a n  b e  e s tim a te d  fro m  th e  
L T E  fo rm u la  fo r  ra d ia tio n  te m p e ra tu re :
r R = —  [(ehvlkTa— 1 ) " 1 - (ehv'1Jk - 1 ) " l]x (1  -  e " r), 
k
w h ich  m e a n s  th a t  fo r  C S (7 =  7 -  6 ):
T a  1C5_______
“  ln [ l  +  16 .5 (1  -  e ~ r) / r R] ’
Tk c a n  b e  d e r iv e d  fro m  7 R =  T^/tjc, w h e re  rjc is th e  so u rc e  c o u p lin g  e ffic ien cy  a n d  c o n ta in s  
th e  b e a m  filling  fa c to r  / .  S in ce  th e  tru e  v a lu e  o f  /  is v e ry  u n c e r ta in , a ssu m in g  a v a lu e  fo r  r]c o f 
0 .5  p ro v id e s  a  re liab le  lo w e r lim it o f  Tcx >  2 8  K  to w a rd s  th e  line  p e a k  n e a r  F I R  3, th e  e q u a lity  
h o ld in g  w h e re  th e  tra n s it io n  o p tic a l d e p th  is la rg e  a n d  /  is c lo se  to  un ity . TexS: 2 8  K  is th u s  
c o n s is te n t w ith  th e  a v e ra g e  6 0 /1 0 0  /rm  c o lo u r  te m p e ra tu re  o f  4 5  K  c a lc u la te d  b y  T h r o n s o n  
et al. (1 9 8 4 ) , b u t  n o t  w ith  th e  d u s t  te m p e ra tu re  o f  16 K  in fe r re d  b y  M 88  fo r  th e  su b m illim e tre  
co res .
E v a n s  et al. (1 9 8 7 ) , o b se rv in g  in  a  7 3 -a rc se c  b e a m , f in d  TR(7 - 6 ) /T R(6 -  5) =  0 .7  ± 0 .2 . If  
th e  o p tic a l d e p th  in th e  lin es is low  th is  im p lies  a  v a lu e  fo r  r ex o f  2 5 1 {¡j K . T h e  o p tic a lly  th in , 
h ig h - te m p e ra tu re  lim it to  th e  lin e  ra tio  is 1 .3 6 , so  a  lo w  v a lu e  ( <  1) c a n  b e  e x p la in e d  by: (i) co o l 
o p tic a lly  th in  gas; (ii) a  s te e p , in w a rd -in c re a s in g  te m p e ra tu re  g ra d ie n t in  h o t  (Tex>  5 0  K), 
o p tic a lly  th ic k  gas; (iii) a  s te e p , o u tw a rd ly  in c re a s in g  te m p e ra tu re  g ra d ie n t  in  c o o l ( Tex <  5 0  K), 
o p tic a lly  th ic k  gas o r  (iv) d ilu tio n  in th e  la rg e  b e am . T h e  la t te r  p o ss ib ility  is th e  m o s t likely, 
e sp ec ia lly  if  th e  J -  6 -  5 e m iss io n  is m o re  e x te n d e d  th a n  th e  J - 7 -  6 . T h e  v a lu e  o f  Tcx d e r iv e d  
fro m  th e  lin e  ra tio  th e re fo re  se rv es  a s  a  lo w e r lim it to  th e  e ffec tiv e  v a lu e  fo r  th e  c o m p a c t  F I R  
so u rc es . S in ce  th e  c r itic a l d e n s ity  o f  th e  7  =  7 — 6 t r a n s it io n  is n cril — 2 x  1 0 13m ~ 3, it is likely  
th a t  th e  gas a n d  d u s t  a re  th e rm a lly  w ell c o u p le d  w h e re  th is  line  is d e te c ta b le . W e th e re fo re  fin d
4p T. J. T. Moore et al.
it re a so n a b le  to  a ssu m e  th a t Td — Tex a n d  a d o p t  Tex -  4 7  K  fro m  th e  d u s t te m p e ra tu re  o b ta in e d  
be low . T h is  v a lu e  im p lies  o p tic a l d e p th s  o f  t 7_6 =  0 .7  f ro m  th e  m e a su re d  lin e  s tre n g th s , if  no  
se lf  a b so rp tio n  is p re se n t.
T h e  L T E  fo rm u la  fo r  th e  C S  c o lu m n  d e n s ity  p ro d u c in g  th e  J =  7 -  6 line  is:
/V7!„ (m “ 2) = 1 .7 9 x  1 0 l5 x ( l  —e " 16-5/T" ) '
1
»7ct?/ss
T * (V )d  V.
T h is  p ro d u c e s  v a lu es in  th e  ra n g e  (2 .5 - 3 .4 ) x  1 0 17m ' 2 f o r  F I R 2 - 6  a n d  to ta l  m o le c u la r  
h y d ro g e n  c o lu m n  d e n s ity  e s tim a te s  o f  (2 .5 -3 .4 )  x  1 0 26m ~2 (see  T ab le  1), a ssu m in g  a  re la tiv e  
CS a b u n d a n c e  o f  lC T 9 (Snell et al. 1 9 8 4 ) a n d  a filling  fa c to r  o f  u n ity . In  o r d e r  to  p ro d u c e  sp a c e  
d e n s itie s  o f  o rd e r  n crit fo r  s ig n ifican t e x c ita tio n  o f  o p tic a lly  th in  J =  7 -  6 , th e  l in e a r  e x te n t o f  
th e  em ittin g  re g io n s  m u s t b e  as sm all a s  ~  1 0 13 m . H o w e v e r , if  th e  lin e  is s ig n ifican tly  o p tic a lly  
th ick , th e  d e n s ity  n e e d  n o t  b e  as h ig h  a s  n cri, s in ce  ra d ia tiv e  tra p p in g  m a in ta in s  th e  leve l 
p o p u la t io n  a b o v e  th e  c o llis io n a l e x c ita tio n  ra te . E v a n s  et al. (1 9 8 7 )  o b ta in e d  b e a m -a v e ra g e d  
d e n sitie s  o f  a ro u n d  1 0 12m -3  b y  m o d e llin g  th e  ra d ia tiv e  t ra n s fe r  in  th e  L V G  a p p ro x im a tio n . If  
th e se  d e n s itie s  a re  a p p ro p r ia te  to  th e  c o m p a c t  so u rc e s , t 7_(, m ay  b e  a s  h ig h  as 10 . If  th is  is th e  
case , th e n  Tex =  2 8  K  m u st a p p ly  to  th e  c o o le r  o u te r  lay e rs  o f  th e  e m ittin g  gas in  th e  c o re s .
W h ile  th e  line  em iss io n  fro m  th e  n o r th e rn  p a r t  o f  th e  c lo u d  (a sso c ia te d  w ith  F I R  1 -4 )  is 
e ssen tia lly  u n re so lv e d  (F ig . 1), th e  s o u th e rn  e m iss io n  a ro u n d  F I R  5 a n d  6 se e m s to  b e  sligh tly  
la rg e r th a n  th e  b e a m . A  re la tiv e ly  la rg e  so u rc e  size  a n d  low  d e r iv e d  H 2 c o lu m n  d e n s ity  
th e re fo re  im p lies  e ith e r  a  low  C S  a b u n d a n c e  o r  h ig h  o p tic a l d e p th  in  th e  line . T h e r e  is  so m e  
e v id e n ce  fo r  h ig h  r 7_6 to w a rd  F I R  5 a n d  6 in  th e  c o m p a r is o n  o f  in te g ra te d  T% (F ig . la ) ,  w h ich  
p e ak s  o n  o r  c lo se  to  th e  c o n tin u u m  in e ac h  case , a n d  p e a k  T%, w h ich  d o e s  n o t. T h is  m ay  b e  
cau sed  by  s e lf -a b so rp tio n  in  th e  lin e  em iss io n  to w a rd  th e  so u rc e  p o s itio n s ; se lf-re v e rsa l in  th e  
fo re g ro u n d  m a te ria l is like ly  to  a ffec t a n  o p tic a lly  th ic k  e m iss io n  line . H ig h  line  o p tic a l d e p th s  
m ean  th a t  iVH, is u n d e r-e s t im a te d  by  a  fa c to r  r / ( l  —e ~ r) a n d  se lf-re v e rsa l p ro d u c e s  u n d e r ­
e s tim a te s  o f  Tcx w h e n  d e r iv e d  fro m  th e  p e a k  lin e  te m p e ra tu re .
3 .2  T H E  ( S U B ) M I L L I M E T R E  C O N T I N U U M
M 88  f itte d  a  th re e -c o m p o n e n t g re y b o d y  to  th e  av a ilab le  c o n tin u u m  d a ta  fo r  N G C 2 0 2 4 ,  
se ttin g  th e  d u s t  em issiv ity  e x p o n e n t  a t ¡3= 2 .0 . In  th e  re su ltin g  m o d e l th e  in te g ra te d  e m iss io n  a t 
3 5 0  / im  a n d  b e y o n d  is d o m in a te d  b y  a  la rg e  16 K  c o m p o n e n t. A ll th e  w a rm  d u s t  is a s su m e d  to  
b e  in a  d iffu se  e n v e lo p e  s u r ro u n d in g  co ld  c lo u d  c o re s , c o n tr ib u tin g  little  to  th e  m ass  a n d  
c o lu m n  d ensity . A d o p tin g  a  v a lu e  fo r  Td as lo w  as 16 K  fo r  th e  d is c re te  so u rc e s  im p lies  larg e  
su b m illim e tre  o p tic a l d e p th s , H ,  c o lu m n  d e n s itie s  a n d  m asses; h o w e v e r, th e  m o d e l a d o p te d  by  
M 88 fo r  th e  flux  d e n sity  d is tr ib u tio n  is n o t  u n iq u e . If  th e  c o n s tra in t  th a t  th e  d u s t  em iss iv ity  b e  
p ro p o r t io n a l  to  v 20 is lifted , it is p o ss ib le  to  o b ta in  a  v e ry  g o o d  fit ( re d u c e d  £ 2 =  0 .4 ) to  th e  
sam e  d a ta  u sing  a  s im p le , s in g le - te m p e ra tu re  m o d e l, p a ra m e te r iz e d  b y  Td =  4 7  K , ji =  1 .6 0  a n d  
a  3 5 0 - ^ m  o p tic a l d e p th  o f  0 .0 6  (F ig . 2).
S in ce  N G C  2 0 2 4  c o n ta in s  v isib le  h o t  s ta rs , a  la rg e  b lis te r  H  n re g io n  a n d  a n  e x te n d e d  C O  
o u tflow , it is e v id e n t th a t  th e  d is ru p tiv e  fo rm a tio n  of, a n d  h e a tin g  b y  m assiv e  s ta rs  h a s  b e e n  
o c c u rr in g  fo r  a  c o n s id e ra b le  p e r io d  o f  tim e . It is likely, th e re fo re , th a t  w a rm  gas a n d  d u s t  will 
hav e  p e rv a d e d  th e  e n tire  reg io n . In  a d d itio n , c lo u d  c o re s  in  re g io n s  o f  m assiv e  s ta r  fo rm a tio n  
a re  o b se rv e d  to  b e  c o n s id e ra b ly  w a rm e r  ( T ~ 4 0 K )  th a n  th o se  fo rm in g  exclu siv e ly  lo w -m ass  
s ta rs  (see  S hu , A d a m s  &  L iz a n o  1 9 8 7  fo r  a  rev iew ). S in ce  n o  sp e c tra l  d a ta  a re  av a ilab le  fo r  th e  
in d iv id u a l F IR  o b jec ts , w e c an  o n ly  m o d e l so u rc e -a v e ra g e d  p a ra m e te rs  f ro m  th e  in te g ra te d  
e m iss io n  a c ro ss  th e  w h o le  c lo u d . A  s in g le - te m p e ra tu re  m o d e l, w hile  n o t  b e in g  an y  m o re  o f  a 
u n iq u e  p h y sical d e sc rip tio n , is less su b je c t to  d e ta ile d  am b ig u itie s  th a n  a m u lti-c o m p o n e n t fit.
CS (] =  7 -  6) from NGC2024 5p
Frequency (Hz)
Figure 2. Single-temperature greybody fit to the integrated flux density distribution of NGC 2024. The fit 
parameters are Tu“ 47 K ,/3=1.60, r35„;,m = 0.06. T he data points are from Mezger el al. (1988) (M88). Related 
X ' for the fit is 0.4.
U s in g  th e  d u s t- to -g a s  c o n v e rs io n  fro m  H ild e b ra n d  (1 9 8 3 ) , a  4 7  K  s in g le - te m p e ra tu re  m o d e l 
w ith  f }=  1.6 re d u c e s  th e  o p tic a l d e p th s  a n d  h y d ro g e n  c o lu m n  d e n s itie s , d e r iv e d  b y  M 8 8  fro m  
th e ir  1 3 0 0  / tm  a n d  3 5 0  u m d a ta , b y  fa c to rs  o f  5 .9  a n d  8 .2 , re sp e c tiv e ly  (see  T a b le  1). M 8 8 , 
a ssu m in g  Td =  16 K , f in d  h y d ro g e n  c o lu m n  d e n s itie s  in  th e  e x te n d e d  e m iss io n  u p  to  six tim e s  
la rg e r  th a n  d e r iv e d  f ro m  p re v io u s  m o le c u la r  o b se rv a tio n s  (e sp ec ia lly  S nell et al. 1 9 8 4 ). T h is  
d isc re p a n c y , in te rp re te d  as a  d e c re a s e  in  m o le c u la r  a b u n d a n c e s  a n d  a n  in c re a s e  in  d u s t  c ro ss -  
se c tio n  in  c o ld , d e n se  re g io n s , is v ir tu a lly  e lim in a te d  b y  a d o p tin g  a  d u s t  te m p e ra tu re  n e a r  5 0  K.
F u r th e r  o b se rv a tio n s  (e.g. in  o th e r  h ig h -e x c ita tio n  lin e s  o f  C S  a n d  h ig h -re s o lu tio n  
su b m illim e tre  c o n tin u u m  m a p p in g ) w o u ld  h e lp  to  fill in  th e  u n k n o w n s  e n c o u n te re d  a b o v e , 
e sp e c ia lly  th e  u n c e r ta in  line  o p tic a l d e p th s , e ffec tiv e  e x c ita tio n  te m p e ra tu re s  a n d  th e  v a r ia tio n  
in te m p e ra tu re  a n d  d e n s ity  c o n d itio n s  b e tw e e n  th e  e m b e d d e d  F I R  so u rc es .
4 C o n clu sio n s
W e h a v e  m a p p e d  th e  c lo u d  c o re  re g io n  o f  N G C  2 0 2 4  in th e  7 = 7  — 6  lin e  o f  C S . S tro n g  
e m iss io n , c lo se ly  a s so c ia te d  w ith  five  o u t o f  th e  six k n o w n  m illim e tre  c o n tin u u m  so u rc e s , 
in d ic a te s  lo ca liz ed  re g io n s  o f  h e a te d  d e n se  gas. C o n se q u e n tly , th e  c o m p a c t  c o n tin u u m  c o re s  
a re  likely  to  c o n ta in  se lf- lu m in o u s  h e a tin g  so u rc e s  a n d  b e  in  a  ra th e r  m o re  a d v a n c e d  
e v o lu tio n a ry  s ta te  th a n  p re v io u s ly  th o u g h t. A  lo w er lim it o f  2 8  K  is o b ta in e d  fo r  th e  
C S(7 =  7 -  6 ) e x c ita tio n  te m p e ra tu re  f ro m  th e  o b se rv e d  lin e  s tre n g th s . A  re -a n a ly s is  o f  ex is tin g  
c o n tin u u m  d a ta  p re d ic ts  a n  e ffec tiv e  d u s t  te m p e ra tu re  o f  Td =  4 7  K o v e r  th e  w h o le  reg io n . 
L o w e r  lim its  o f  ~  3 x  1 0 26 m -2  a re  d e r iv e d  fo r  th e  m o le c u la r  h y d ro g e n  c o lu m n  d e n s ity  to w a rd  
five c o n tin u u m  so u rc e s , a ssu m in g  Tcx =  Td a n d  o p tic a lly  th in  lines. T h e r e  is so m e  e v id e n c e  fo r  
s ig n ifican t o p tic a l d e p th  in  7 =  7 -  6 to w a rd  a t lea s t tw o  o f  th e  so u rc es .
A ckn ow led gm en ts
T h a n k s  a re  d u e  to  S a e k o  H a y ash i a n d  T ak u y a  Y a m ash ita  fo r  d isc u ss in g  th e  o b se rv a tio n s  w ith  
us, a n d  to  C h a r le s  C o rd e ll  fo r  ex ce llen t h e lp  d u r in g  th e  o b se rv in g  ru n . R a c h a e l P a d m a n  a n d
6p T. J. T. M o o re  et al.
R ic h a rd  P re s ta g e  a re  a ck n o w le d g e d  fo r  p ro v is io n  a n d  s u p p o r t  o f  th e  lin e  r e d u c tio n  p a c k a g e  
S P E C X  a n d  M a r jo r ie  F re tw e ll fo r  p ro d u c in g  th e  d iag ra m s . J C M T  is o p e ra te d  by  th e  R o y a l 
O b s e rv a to ry , E d in b u rg h , o n  b e h a lf  o f  th e  U K  S c ien ce  a n d  E n g in e e r in g  R e se a rc h  C o u n c il , th e  
N e th e r la n d s  O rg a n isa t io n  fo r  P u re  R e se a rc h  a n d  th e  N a tio n a l R e s e a rc h  C o u n c il  o f  C a n a d a . 
T JT M  a n d  C JC  a c k n o w le d g e  S E R C  s tu d e n tsh ip s .
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